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Insulating Cooper Pairs 

The standard model of superconducting metals 
(the Bardeen-Cooper-Schreiffer, or BCS theory) 
describes how electrons pair up into a phase- 
coherent state and lose all of their electrical 
resistance, Inthe context of studying how quan 
tum-driven phase transitions differ from ther- 
mally driven ones, a question now being 
addressed is what happens to the pairing gap 
and the long-range coherence when the super~ 
conductor i driven out ofthe superconducting 
regime by disorder or magnetic fields, Stewart 
etal, (p. 1273) present magnetoresistance 
measurements on amorphous ultrathin films of 
bismuth perforated with an array of nanometer- 
sized holes. Cooper pais that give rise to zero 
resistance superconductors also give rise to 
high-resistance electrical insulators. 


Reconsidering 
Supercontinent Movement 


Paleomagnetic reconstructions of the latitudinal 
position of Pangea, the supercontinent that con- 
tained most of Earth’s landmass for 100 million 
years from the Permian into the Jurassic, have 
been interpreted as showing that Pangea was 
originally centered roughly on the equator and 
moved northward by about 20° by the Early 
Jurassic. Rowe etal. (p. 1284) reconstructed 
apparent wind patterns derived from aeolian 
deposits in the southwestern United States and 
found that wind direction over the Colorado 
Plateau remained constant throughout the entire 
period, which indicates that Pangea remained at 
or near the equator. Among the several resolu- 


www.sciencemag.org 


tions to this disagreement are thatthe latitudinal 
‘movement of Pangea based on paleomagnetic 
data is misinterpreted, our understanding of how 
winds shape sand dunes is incorrect, existing 
ppaleogeographic reconstructions cannot repro- 
duce adequately the wind fields responsible for 
dune formation, or the climate controls on winds 
inthe Jurassic were different than they are today. 


Tracking Electrons 
on the Go 


The detailed dynamics of current flow in a metal 
are challenging to study because the onset time 
of a potential gradient to drive the electrons for- 
ward tends to be much longer than the duration 
of the collisions and scattering events of interest 
Giidde et at. (p. 1287) overcame this problem 
by inducing a transient current at a copper sur- 
face using the coherent interference effect of 
‘one- and two-photon laser excitation pathways, 
‘a phenomenon previously demonstrated in semi- 
conductors. The femtosecond dynamics of tran- 
sient current generated on an ultrashort time 
scale was tracked by imaging the momenta of 
photoelectrons ejected by a third laser pulse. The 
technique should generalize to a range of con- 
ducting and semiconducting substrates. 


Superconducting 
Terahertz Generators 


Practical sources of electromagnetic radiation 
between 0.5 to 2 terahertz have been tacking, 
but this frequency range has potential uses for 


SCIENCE VOL318 23 NOVEMBER 2007 


EDITED BY STELLA HURTLEY AND PHIL SZUROMI 


<< Short DNAs Stack and Order 


For a material to form a liquid crystalline phase, it is generally 
believed that its constituent molecules need to have strong shape 
anisotropy (morphologies of rods or discs) and need to be fairly 
igid. Long DNA fragments have been shown to form mesophases, 
but it is unclear that shorter fragments would do so, Nakata et al, 
(p. 1276) show that short DNA segments (6 to 20 base pairs) that 
lack shape anisotropy can form a wide range of ordered mesophases 
during the cooling of a solution of random fragments. Hydrophobic 
forces allow the base pairs to associate end-to-end to create long 
rod-shaped aggregates. By this route, it is possible that mixtures of 
fragments can undergo a separation as complementary fragments 
associate and locally concentrate into ordered droplets. 


molecular recognition, spectroscopy, and 
imaging applications. Josephson junctions, in 
which two superconducting layers sandwich an 
insulating layer, naturally oscillate 

with a fre- 

quency that \ 
depentson te [Sy 
superconduct- | 
ing gapand | 
the applied = & 
bias, butthis 9 
potential tera- 

hertz source 

cannot produce 
sufficient l nh 
power for o= 
applications. With the 

clever design of the emit- ‘ 

ter geometry analogous to that of a 

laser cavity, Ozyuzer et al. (p. 1291; see the 
Perspective by Kleiner) report on the genera- 
tion of intense terahertz radiation from a stack 
‘of Josephson junctions formed by the weakly 
coupled CuO, layers in the Bi,,.. high-temper- 
ature superconductor. 


Energizing Polymer 
Shape-Memory Materials 


Ina shape-memory material, internal stresses 
that are captured during deformation 
processes are used to recover the shape of the 
‘material as it is heated above a transition tem- 
perature. For polymer-shape memory materi- 
als, large strain changes are possible, but 
Continued on page 1215 
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these changes are accompanied by only small recovery stresses. This combination leads to a low fi sh i ng 
energy density and has made the polymer-based materials poor candidates for actuators. 

Miaudet et al, (p. 1294) formed a composite from poly(vinyl alcohol) and 20 weight percent car- 
bon nanotubes whose stress recovery approaches that of metal-alloy shape-memory materials but 
still exhibit large strain capabilities. 


B,-Adrenergic Receptor Structures 

G protein-coupled receptors (GPCRs) are transmembrane proteins that respond to diverse extracellu- 
lar stimuli to trigger many diferent cellular responses, They ae important pharmacological targets, 
tut drug design has been hampered because structural information is only available forthe rather 
distinctive member of this family, rhodopsin (see the Perspective by Ranganathan). Two studies now 
provide structural insights into another GPCR, the human ,-adrenergic receptor. Rosenbaum et al. 
{p.1266, published online 25 October stabilized the protein for crystalization by protein engineer- 
ing and analyzed mutagenesis data in the context of the structure to provide insight into how ligand 
binding is coupled. Cherezov et al. (p. 1258, published online 25 October; see the cover) describe in 
detail the 2.4 angstrom structure of the fusion protein and how it compares to the rhodopsin struc- 
ture. It appears that conserved helices provide a common core in class A GPCRs while variable helices 


provide binding-site plasticity. cDNA NORMALIZATION 
Service and Kits 


Evrogen cDNA normalization decreases the 
prevalence of highly abundant genes and 
equalizes transcript concentrations in a cDNA 
population, This greatly increases the 
efficiency of transcriptome analysis and 
functional screenings of cDNA libraries, 


Nudging-In on Stem Cell Niches 

The ability to transplant hematopoietic stem cells (HSCS) in bone marrow is of huge importance in a 
wide number of clinical settings. However, incoming HSCs do not easily conquer niches already 
occupied by host HSCs. Czechowicz etal. (p. 1296) use a mouse transplantation model to demon- 
strate that endogenous HSCs do indeed prevent the engraftment of donor HSCs through the occu- 
pancy of appropriate niches, However, by using an antibody that can transiently deplete endogenous 
HSCs, transplanted animals could be preconditioned to allow chimerism levels to rise to as much as 


‘90%, Further work will be needed to determine if similar conditioning can improve HSC transplan- Evrogen Trimmer kits allow normal 

tation in humans. fulllength-enriched cDNA for 
directional or nondirectional cloning of a 
CDNA library. 
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(8) Virtual Northern biot analysis of abundant 
transcripts in these cDNA samples; 


‘upon happiness or misery, yet ample experience suggests that we do care about our relative 
remuneration. Fliessbach et al. (p. 1305) used side-by-side brain imaging scanners and a 
behavioral task in which equal performance was rewarded inequitably. Neural activity in the ven- 
tral striatum, a brain area notable for its central role in responding to and predicting rewards, was 
indeed sensitive to the relative amount of money paid. Furthermore, this response occurred even 
when no decisions were made, which suggests that the calculation of social standing—as indexed 
by payment—may be automatic. 


5 (6) Sequencing of randomly picked clones: blac 
Decisions and Impulsivity frauen’ ttm wea cahtoe- trie, ey 
Deep brain stimulation of the subthalamic nucleus and dopaminergic medication both represent columns - all sequences, 1 - non-normalized cDNA; 
successful therapies for Parkinson’s disease. However, both interfere with normal cognitive 2-normalies cDNA. M- 1b DNA size markers 


strategies, such as decision-making in conflict situations. Frank et al. (p. 1309, published 
online 25 October; see the 26 October news story by Miller) provide evidence for two distinct 
computational roles of these treatments in decision-making. Dopaminergic medication altered 

i Tel: +7(495) 336 6388 
patients’ relative tendency to learn from positive versus negative outcomes without impacting Pata ey 
conflict-induced slowing. In contrast, deep-brain stimulation sped up high-conflict choices, Emalt: evrogendevrogen.com 
without affecting learning biases. Both of these findings were predicted in a computational Web site: www eviogen.com 
model of the basal ganglia in teaming and decision-making. 
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Toxic Dilemmas 


AFTER ALL THESE YEARS OF ENVIRONMENTAL REGULATION, THE LAWS AND RULES REGARDING 
the introduction of toxic chemicals into consumer products and the environment are still 
ineffectual. After an earlier lifetime in which I worried about lead, polybrominated biphenyls 
in plastics, and the like, I got reacquainted with toxic dilemmas. It happened because of a 
reunion with an old friend who has a long familiarity with the use of toxic substances as fire 
retardants in consumer products. Here's the story. 

Inthe early 1970s when I first got to know Arlene Blum, she was working with Bruce Ames 
at the University of California, Berkeley. They were applying the Ames test for mutagenicity to 
various lipid-soluble chlorinated and brominated compounds that are double trouble because 
they concentrate in food chains and wind up in people, and aren't biodegradable. They discovered 
widespread use of a compound called tris(2,3-ibromopropyl) phosphate as a fire retardant in 
children’s sleepwear. A mutagen and putative human carcinogen, it 
Jeeched into children’s bodies. After 1977 paper by Blum and Ames in 
Science, that use was banned. Well, the alert chemical industry quickly 
substituted a dichlorinated tris, which Ames and Blum also found to 
be mutagenic and was subsequently removed from sleepwear. 

The history of residential fire risk is an interesting one, because 
it involves the tobacco industry. Remember them? They designed 
cigarettes that when dropped or put down, would smolder long 
enough to start a fire. For years, cigarette-lit fires were the greatest 
cause of fire-related deaths in the United States, After three decades 
of opposition from tobacco lobbyists, 22 states and Canada finally 
passed laws requiring that cigarettes be made self-extinguishing. 
With fewer people smoking and better enforcement of building 
codes, fire-related deaths are decreasing, 

Thad missed this important development, having lost track of the topic. Arlene, a high-profile 
international mountaineer, was off leading expeditions in the Himalayas and elsewhere and 
writing a memoir about it. Meanwhile, I had left the US. Food and Drug Administration and 
‘was back at Stanford. I hadn't seen Arlene for 25 years or so, but a few months ago, she tumed 
up with an extraordinary sequel to the tris story, which she tells of ina recent Letter in Science. 
Fire retardants are now widely used in furniture foam, and the second most-used compound is 
none other than chlorinated tris! In less than three decades, this highly toxic mutagen has 
moved from your child's nightgown to your sofa. 

Arlene is scientific adviser fora bill in the California legistature called AB 706, which would 
ban the use of the most toxic fire retardants from furniture and bedding unless the manufacturers 
can show safety. It has a good chance of passage next year; even the firefighters support it, Not 
surprisingly, chemical manufacturers have launched a fear campaign in opposition, claiming that 
their products have dramatically reduced fire deaths in California, although the rate of decrease 
is about the same as that in states that do not regulate furniture flammability. 

But the problem is a national one. The Consumer Product Safety Commission (CPSC) 
Reform Act (S 2045) toyed with a provision that would rush us into a national furniture 
flammability standard. That's premature, because it leaves no time to develop a safe way to 
reduce furniture flammability and puts potentially persistent toxic chemicals into US. 
homes. Congress should forget that approach. The real problem is that the U.S. regulatory 
system for toxic industrial chemicals is not effective and is a threat to public health, 

In Europe, the chemical industry is required to establish safety before a product can continue 
to be marketed. The U.S. Toxic Substances Control Act (TOSCA) originally grandfathered 
existing chemicals, but none have been reexamined since the 1980s. Congress should abandon 
its attempt to attach a flammability standard to the CPSC, and instead turn to the real task of 
reforming TOSCA by introducing a real proof-of-safety provision. That would stop the chemical 
industry ffom continuing to make consumer protection look like a game of whack-a-mole, 

= Donald Kennedy 
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Measuring the plasticity of the 
cellular (red) and nuclear 
(green) membranes. 


Nasty, Brutish, and Short 


Leaves are a vital organ for plants and for their 
environments. Their structure and life span influ- 
ence photosynthesis, resource acquisition, and 
growth rates; they also influence the plants abi 
ity to resist being eaten, for instance by insects. 
And leaves have important effects on the local 
ecosystem through leaf litter decomposition, 
Knowing how leaves influenced paleoenvi- 
ronments can provide key insights into past 
ecosystem functions. Leaf mass per area is 
a metric that correlates with various eco- 
Logical traits but has not been applied 
systematically to fossil data. Royer et 
al. measure the petiole width (the 
petiole being the small stalk that 
attaches the leaf to the stem of the 
plant) and leaf area of fossil leaves 
and, through a scaling relationship 
they develop for these characteristics 
in extant leaves, use these to estimate 
fossil leaf mass per area. In a comparative 
analysis of two Eocene fossil lake floras (Repub- 
lic, in the Klondike Mountains, and Bonanza, in 
Utah), the leaf mass per area was uniformly low 
at Republic, whereas Bonanza exhibited a broad 
range of values. These biosynthetic choices are 
consistent with the respective paleoclimates: The 
former was dominated by trees bearing short- 
lived leaves, which suffered fairly high levels of 
herbivory, and was associated with rapid leaf 
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A Loss of Flexibility with Age 

As a cell transitions from an undifferentiated state to a differentiated 
cell type, its gene expression profile changes, which in part reflects phys- 
ical changes in chromatin structure. In a complementary approach, 
Pajerowski et al. have examined the macroscopic properties of the 
‘nucleus during differentiation. Aspiration with a micropipette revealed 
that the nuclef of pluripotent human embryonic stem cells could be 
deformed relatively easily; however, as the cells differentiated, the nuclei 
became stiffer. Hematopoietic stem cells (from bone marrow) were able to 
differentiate into fewer cell types than embryonic stem cells and, simi- 
larly, showed an intermediate level of deformability. Progression toward 
the differentiated state was accompanied by an increase in the filamen- 
tous protein lamin A/C and greater condensation of chromatin. When 
lamin AC was knocked down in epithelial cells, their flow behavior resem- 
bled that of hematopoietic stem cells. Further analysis showed that the 
fluid character of the nucleus is determined primarily by chromatin but 
that the degree of nuclear deformability is set by the lamina. Variations 
in the physical plasticity of the nucleus may be important for allowing 
less differentiated cells to move through tissues. — BAP 
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ter decomposition; whereas the latter showed 
wider ranges of these same traits. — GR 
Paleobiology 33, 74 (2007) 


Speeding Up Holography 


The ability to produce ultrashort electron 
bunches and x-ray and optical pulses has 
allowed researchers to glimpse fleeting struc- 
tural and electronic rearrangements occurring 
‘on femtosecond or shorter time 
scales. However, these pump- 
probe measurements often 
tend to provide a some- 
what limited series of 
‘one- oF two-dimen 
sional (20) snapshots 
of the processes at 
play. Two groups now 
show how holographic 
imaging—a technique in 
which the interference of 
two light beams encodes 3D 
{information on a 2D detection sur- 
face—can be extended to the ultrafast regime, 
thereby raising the possiblity of obtaining more 
detailed, fully dynamical 3D movies of processes 
taking place on these rapid time scales. Kubota 
et ol. demonstrate the use of optical holography 
to track light images formed from femtosecond 
red light pulses as they are launched into an 
optical medium; the result isa spatially and tem- 
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porally continuous movie of the images propa- 
gating, converging into a focal point, and then 
diverging again. Schlotter etal. extend ultrafast 
holography to shorter wavelengths in the x-ray 
regime. Using patterned masks to provide multi- 
ple x-ray sources, they demonstrate the ability to 
‘record images simultaneously at different parts 
‘of the sample. They note that combining this 
‘multi-spatial sampling with gated pump-probe 
illumination could extend the technique to 30 
imaging of ultrafast processes. — ISO 

Opt. Express 15, 14348 (2007); 

Opt. Lett. 92, 3120 2007 


To Spread or Not to Spread 


When animal cells grow over a surface, they 
survey their surroundings and make decisions 
as to whether they should spread or retract, 
from a certain path, processes that are central 
in cell migration and proliferation. Key to these 
decisions is the interaction of a group of mem- 
brane proteins, the integrins, with the surface 
‘on which the cells grow. 

Flevaris eta find that i is the calpain- 
dependent proteolytic cleavage of the integrin 
subunit Bat a specific tyrosine residue that 
acts as a molecular switch to help the cell 
change from spreading to retraction. In cells 
expressing a B, integrin that cannot be cleaved, 
spreading is enhanced in comparison to retrac- 
tion. On the other hand, in cells expressing 
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only the cleaved form of f, retraction is 
favored—a defect that can be overcome by 
expressing the downstream signaling protein 
RhoA. The effects of , appear to be mediated 
via an interaction of the intact integrin with the 
kinase -Srcat the plasma membrane, which in 
tum regulates RhoA-dependent contractile 
signaling. — SMH 

1. Gell Biol 479, $53 (2007) 


Nerves of Hair 


Hair growth is a complex process involving more 
than 30 growth factors, cytokines, and signaling 
molecules, Both the alpha and gamma keratins 
which respectively form the structure and cross- 
linking in the hair fibers, can be extracted from 
human hai Sierpinski etal. explored the use of 
keratin-based hydrogels, which form on mixing 
extracts with water, for the rapid regeneration of 
peripheral nerves. At present, small nerve defects 
can be repaired using filers to provide a structural 
support, but only short gaps are amenable to this 
approach. In vitro testing showed thatthe keratin 
hydrogels improved Schwann cell proliferation, 
and migration and showed either no effect or 
some up-regulation in the production of certain 


i a 


Regenerated nerve fiber. 


key proteins. Using a nerve injury model in mice, 
the authors then proceeded to compare regenera- 
tion results from the keratin protocol with auto- 
grafts (in which a different form of tissue is used 
topatch a defect site), as well as controls where no 
material was added tothe defect ste. The hair 
based hydrogels outperformed the autografts in 
reducing electrical signal latency and showed a 
greater increase in overall nerve area, as well as 
comparable improvements in a number of other 
tests. The authors believe that the hydrogels pro- 
vide a framework for the Schwann cells and also 
retain a number of the regulatory molecules 
needed for hair growth, which are also involved in 
nerve repair. — MSL 

Biomaterials 29, 118 (2008). 


Together We Shine 


Green fluorescent protein (GFP) and its variants 
can be used in Forster resonance eneray trans- 
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fer (FRET) experiments (where emission is a 
function of the distance between donor and 
acceptor fluorophores) to monitor dynamic 
processes such as protein folding or association 
in intact cells. These experiments come with 
limitations, however, as the changes in fluores- 
cence intensity may be smaller than cell-to-cell 
variations, and fusing GFP to the target protein 
may interfere with function, An alternative 
readout strategy uses the biarsenical reagents 
FIASH ~E0T, and ReAsH-EDT, These reagents 
selectively label recombinant proteins contain 
ing a tetracysteine sequence (CCPGCO), and 
only the protein-bound forms fluoresce. 

Luedtke etal. show that polypeptides con- 
taining a split sequence, with the two cysteine 
pairs separated in linear sequence but close 
together when folded, can be labeled with 
FUASH or ReAsH to givea fluorescent complex. 
Labeling of a dimer, where the two pairs were 
contained on different monomers, was also 
successful. Fluorescence intensity correlated 
with the stability of either protein folding or 
dimerization and allowed the detection of 
protein folding and assembly in tive cells. —VV 

Not. Chem. Biol. 3, 10.1038/nchembio 2007.49 
2007) 


Linking Up Cleanly 


Setective coupling of aryl molecules isa crucial 
step in the preparation of a wide range of com- 
mercial organic compounds. The requisite 
selectivity has traditionally been achieved by 
appending mutually reactive groups (such as 
halides and boron- or tin-based substituents) to 
each partner, but the addition and elimination 
of such groups generate considerable waste 
material. Recent advances in transition metal 
catalysis have offered a promising altemative 
approach, in which C-H bonds on the aryl rings 
are oxidatively cleaved directly to yield a C-C 
bonded biaryl product and (ideally) water as 
the sole byproduct. Li et ol. extend this method 
to the coupling of acetylated anilines with atkyt 
benzenes. The acetamide group directs a palla- 
dium catalyst to react selectively with an adja~ 
cent ortho C-H bond, and a second C-H scission 
links up the benzene partner. In the case of 
NH(acety)) substrates, a subsequent sequence 
involving N-H and C-H scission leads efficiently 
to carbazole products with a fused central C,N 
ring connecting the aromatic cycles on either 
side. The reactions proceed under oxygen at 
120°C, with varying amounts of a cupric salt 
added as a co-catalyst depending on the 
substrates. — SY 


‘Angen. Chem. Int. Ed. 46, 
10.1002/anie200704092 (2007). 
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RAIN R BRAWN 


How does Tiger Woods's brain behave before 
tapping the ball fora long putt? Neuroscientists 
{rom the University of Rome “La Sapienza” and 
from the talian Olympic Committee's institute of 
‘Medicine and Science of Sport in Rome are 
applying electrodes to expert golfers to find out 
why their games are so hot. Twelve right-handed 
golfers donned helmets that recorded their brain 
waves while they putted on a green in the lab. 

‘Apha waves, caused by rhythmic changes in 
the electrical activity of certain brain cells, usu 
ally fluctuate at frequencies of 8 to 12 cycles per 
second (Hz), High-amplitude alpha waves reflect 
a relaxed waking state, the brain’s “idling” 
mode. When a golfer swings, alpha waves 
tighten up, decreasing in amplitude. “We noted 
that high-frequency alphia waves (10-12 Hz) 
‘over frontal motor areas were smaller in ampli- 
tude in the successful puts,” says physiologist 
Claudio Babitoni of Sapienza University. The 
‘greater the amplitude reduction—reflecting the 
intensity of focus on the task—the closer the 
putt got to the hole, 

The scientists, whose results are published 
‘online in The Journal of Physiology, say they see 
similar patterns in gymnasts, karate practtion- 
ers, and fencers. Fabrizio Eusebi, head of 
research at the Sport Medicine Institute, says 
golfers might be able to improve both their 
relaxation and concentration using video 
‘games. “It sounds ike a promising and useful 
path to me,” says professional golfer and trainer 
Gianluca Crespi. "Scientists keen on golf have 
been, so ar, more interested in rehabilitation of 
jint-muscular function than enhancing players” 
cognitive skills.” 


wwwsciencemag.org 


Star Wars 


‘Astronomers in Vienna, Austria, last week 
lashed with astrologers at a demonstration 
‘against an astrology course offered by WIFI, 

‘an education institute funded by the city’s 
Chamber of Commerce. 

The 6-month course amounts to “govern- 
iment support for pseudoscience,” says Michael 
Geuberbaver, an astronomy grad student at the 
University of Vienna. The astrologers, some of 
whom tried to shout down the researchers, 
‘countered that they have the right to study 
whatever they want. WIFI spokesperson Barbara 
Wichart said that “astrology isa recognized 
trade" like others for which courses are 
offered—including computer programming 
and secretarial work—and noted that the 
135 enrollees are 
paying $2800 each 
fort 

“Thisis not just a 
local problem,” says 
protest organizer 
Gainter Wuchter of 
the Tautenburg 
Observatory in 
Germany. “Astrology 
degrees are 
already offered at 
some U.K. universi- 
ties, the largest 
astrology organization in Germany has stated 
that it wants to invade academia, and now 
‘Austria has fallen under their spell.” For the 
duration of the course, astronomers are offering 
weekly public lectures at Vienna's Kuffner 


Astronomy student 
Michael Gruberbauer 
Weft) and colleague at 
astrology protest. 
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Observatory to explain astrology’s “fundamental 
problems,” says Wuchterl "This i like offering a 
Course for installing sewer pipes through which 
water cannot flow.” 


Do the Math 


Cutting up in class and ignoring the teacher get 
you in trouble but won't necessarily hurt your 
academic performance, according to a study 
covering more than 16,000 children, 

An international team recently reanalyzed 
data from six longitudinal studies of school- 
children in both the United States and the 
United Kingdom. The study sifted through eval- 
vations of children’s conduct starting at about 
age 5 through grade school and correlated them 
with later grades and test scores. 

‘Assumptions that “social and emotional 
development” are as important as cognitive 
skills don’t hold water, the authors report in the 
November issue of Developmental Psychology. 
Instead, most predictive of “later learning” was 
“knowledge of numbers and ordinality.” That 
was more significant than reading ability and 
even trumped “attention skills.” 

Lead author Greg Duncan, an economist at 
Northwestern University in Evanston, Nlinois, 
says the “biggest surprise” was to discover the 
relative unimportance of social training. Duncan 
says preschool programs should consider “chan- 
rneling more resources” into helping children 
understand numbers and letters, Psychologist 
Karen Bierman of Pennsylvania State University 
says the data don't support that interpretation: 
“My big worry is that people will say we should 
bbe having preschoolers do flash cards.” 
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AWARDS 

Sudanese molecular biologist Hiba 
Mohamed has won a $120,000 research 
prize from the Royal Society and Pfizer to 
continue her work on leishmaniasis, a disease 
ome by sand flies. Mohamed, a researcher 
at the Institute of Endemic Diseases in 
Khartoum, has been studying the genetic 
factors that determine an individual's 
susceptibility to the disease. The award was 
established last year to help boost research 
capacity in developing countries. 


MOVERS 
B10 GOLD. 
Neurobiologist and 
biotech entrepreneur 
Corey Goodman 
has been tapped to 
lead Pfizer Inc.'s 
new Biotherapeutics 
and Bioinnovation 
Center in South 
San Francisco, 
California. Goodman says his mission is to 
“supercharge” Pfizer's research on biological 
treatments such as antibodies and RNA 
interference until it matches the company’s 
traditional strength in small-molecule 
drug discovery. 
The New York City-based drug giant is 
looking for future blockbuster drugs to offset 
looming patent expirations. Goodman says 


a tip for tis page? E-mail people@aaas 
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the new center will employ only a few hun- 
dred scientists in order “to keep that biotech 
entrepreneurial spirit.” He will also oversee 
alliances with biotech companies and scout 
for new collaborations or acquisitions. 
Goodman's appointment comes as molec- 
ular geneticist Martin Mackay takes over 
the company’s $7.6 billion global research 
and development effort. Goodman, who has 
co-founded two biotech firms in the past 
13 years and has served on the faculties at 
Stanford University in Pato Alto, California, 
and the University of California, Berkeley, 
will keep a toe in the academic waters as an 
adjunct professor at UC San Francisco. 


NONPROFIT WORLD 


BACK ON DECK. The former director of the Woods Hole 
‘Oceanographic Institution (WHON) in Massachusetts has 
been named the first president of a new $120 million 
‘organization dedicated to increased support for U.S. 
‘ocean science. Robert Gagosian takes the reins of the 
Consortium for Ocean Leadership in Washington, D.C., 
formed eartier this year in a merger of the Consortium 
for Oceanographic Research and Education and the 


Joint Oceanographic Institutions. 


WHOI grew significantly during his 12 years as its 
leader, adding labs and a new ship. Gagosian says that 
‘ocean research is being squeezed by rising oil prices and 
increased costs of ship maintenance and operations, but 
he’s hopeful that greater awareness of climate change 
could mean a rising tide for the field. “If we can’t get an 
increase for ocean science now, | don't know when we 


could,” he says. He starts 1 December. 


TO FEED AFRICA. A hands-on agronomist with wide international experi 
been named the first president of the Alliance fora Grei 
who was executive director of the United Nations (UN,) 
World Food Programme, has run his own palm-oil and plantain farm in 
‘Cameroon since retiring in 2003. “As a farmer, I know the criti 
Africa’ssmall farmers in gaining accessto equipment and finances.” he says. 
The Nairobi-based allianc 
‘nnan, is a year-old partnership of scientists, farmers, gove 
‘ments, and businesses that support innovative agricultural practices 
in Affica. It is developing programs to improve 
seeds, soil health, market access, and agricul- 
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tural education, including graduate programs 
at African universities. The multiplicity of 
crops makes A frica more of a challenge than 
other parts of the world, says Ngongi, who 
cared a Ph.D. in agronomy from Corel! 
University in 1976, But he says he’s looking 


forward to the challenge. 


THEY SAID IT 


“If failure to compromise 
continues, the world community 
must accept responsibility 

and ensure that any cloned 
individual receives full human. 
rights protections.” 


—Brendan Tobin, co-author of a United 
Nations report issued last week calling for 
a worldwide ban on human cloning, 
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DEVELOPMENTAL BIOLOGY 


Field Leaps Forward With 
New Stem Cell Advances 


Fora year and a half, stem cell researchers 
around the world have been racing toward a 
common goal: to reprogram human skin cells 
directly into cells that look and act like 
embryonic stem (ES) cells. Such a recipe 
‘would not need human embryos or oocytes to 
generate patient-specific stem cells—and 
therefore could bypass the ethical and politi- 
cal debates that have surrounded the field for 
the past decade. 

The pace was set in June 2006, when 
Shinya Yamanaka of Kyoto University in 
Japan reported that his group had managed 
the feat in mice by inserting four genes into 
cells taken from their tails (Science, 7 July 
2006, p. 27). Those genes are normally 
switched off after embryonic cells differenti: 
ate into the various cell types. The pace 
picked up in June this year, when Yamanaka 
‘and another group showed thatthe cells were 
truly pluripotent (Science, 8 June, p. 1404). 

Now the race has ended in a tie, with an 
extra twist: Two groups report this week that 
they have reprogrammed human skin cells 
into so-called induced pluripotent cells 
(IPCs), but each uses. slightly different com- 
bination of genes. Ina paper published online 
in Cell on 20 November, Yamanaka and his 
colleagues report that their mouse technique 
works with human cells as well, And in a 
paper published at the same time online in 
Science (www.seiencemag.oryi/comtent 

26), James Thomson of the 
University of Wisconsin, Madison, and his 
colleagues report success in reprogramming 
human cells, again by inserting just four 
genes, but two of the genes are different from 
those Yamanaka uses. 

Among stem cell scientists, the human 
cell reprogramming feats have somewhat 
overshadowed another major advance 
reported online in Nature last week: A team 
at the Oregon National Primate Research 
Center has officially become the first to 
obtain embryonic stem cells from cloned 
primate embryos, an advance that brings 
therapeutic cloning closer to reality for 
humans. Taken together, these feats suggest 
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that scientists are getting very close to 
uncovering the sceret of just what occurs in 
‘an oocyte to turn back the clock in the DNA 
of a differentiated cell, 

The two human reprogramming papers 
could help solve some of the long-standing 
political and ethical fights about stem cells 
and cloning. The technique produces pluripo- 
tent cells, cells with the potential to become 
any , without involving 
either embryos or oocytes—two sticking 


Full of potential. Human induced pluripotent cells 
form teratomas, tumors with multiple cell types. 


Dispute over flu 


data escalates 


points that have made embryonic stem cell 
research so controversial, Lan Wilmut of the 
University of Edinburgh, UX. says that once 
he learned of Yamanaka's mouse work, his lab 
set aside its plans to work on human nuclear 
transfer experiments, otherwise known as 
research cloning. The new work now confirms 
that decision, he says. Direct reprogramming 
to iPCs “is so much more practical” than 
nuclear transfer, he says, 

In the new work, Yamanaka and his col- 
leagues used a retrovirus to ferry into adult 
cells the same four genes they had previously 
employed to reprogram mouse cells: 


OCT3/4, SOX2, KLF4, and c-MYC, They 
reprogrammed cells taken from the facial 
skin of a 36-year-old woman and from the 


connective tissue of a 69-year-old m 
Roughly one iPC cell line was produced for 
every 5000 cells they treated with the tech- 
nique, an efficiency that enabled them to pro= 
dduce several cell lines from each experiment, 
Thomson says he and his colleagues 
already had their own list of 14 candidate 
reprogramming genes when Yamanaka’s 
mouse results were published, They, like 
‘Yamanaka’s group, gradually whittled down 
the lis through a systematic process of elimi- 
nation. Thomson's experiments led to four fac- 
tors as well: OCT3 and SOX2, as Yamanaka 
used, and two different genes, NANOG and 
LIN28, NANOG is another gene associated 
With BS cells, and LIN28 ia factor that seems 
tobe involved in processing messenger RNA. 
Instead of cells from adults, Thomson and 
his team reprogrammed cells from fetal skin 
and from the foreskin of a newborn boy. But 
Thomson says they are working on experi- 
ments with older cells, which so far look 
promising. Their experiments reprogrammed 
about one in 10,000 cells, The 
less than that of Yamanaka’s technique, 
Thomson says, but is still enough to c1 
several cell lines from a single experiment. 
‘Comparing the two techniques might help 
scientists learn how the inserted genes work 
to turn back the developmental clock, 
‘Yamanaka says. He says his team tried using 
NANOG but saw no effect, and LIN28 was 
not in their initial screen, Thomson says his 
team tried Yamanaka’s four genes without 
success, but that they may have tried the 
wrong relative doses. 
The fact that Thomson's suite doesn’t 
include a known cancer-causing gene is a 
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bonus, says Wilmut, (The e-MYC Yamanaka 
used is an oncogene.) But both techniques still 
result in induced cells that carry multiple 
copies of the retroviruses used to insert the 
genes. Those could easily lead to mutations 
that might cause tumors in tissues grown from 
the cells. The crucial next step, everyone 
agree: 

switching on the genes rather than inserting 
new copies. “Its almost inconceivable at the 
pace this science is moving that we won't find 
‘a way to do this without oncogenes or retro~ 


is to find a way to reprogram cells by 


viruses,” says stem cell researcher Douglas 
Melton of Harvard University. “Itis not hardto 
imagine a ime when youcould add small mol- 
cules that would tickle the same networks as 
these genes” and produce reprogrammed cells 
without genetic alterations, he says. 

Although the cells “act just like human 
cells,” Thomson says, there are some dif 
types. Yamanaka’s 
all human iPC gene 


E 
ferences between the 
group reports that ov 
expression is very similar, but not identical, to 
human ES cell gene expression. “It will be 
probably a few years before we really under- 
stand these cells as well as we understand 
ES cells," Thomson says. But “for drug 
sereening, they're already terribly useful. IVF 
embryos are very skewed ethnically.” he sys. 
But with the new iPC technique, "you 
late cel lines that represent the genetic diver- 
sity of the United States, And I think it will be 
very straightforward to do.” 

The primate cloning success, although 
partially eclipsed by the human work, “is 
really a breakthrough.” says primate stem 
cell researcher Jose Cibelli of Michigan 
State University in East Lansing. Although 
scientists have cloned a host of other ani- 
‘mals, primates have proved to be particularly 
resistant—as demonstrated by the failure of 
Korean scientist Woo Suk Hwang, whose 
‘work with human embryos was shown to be 
fraudulent 2 years ago. 

A group headed 

1y Shoukhrat Mital- 

{pov was able to gen- 

erate two embryonic 

stem cell lines after 
injecting skin cells 
from a9-year-old male 
rhesus macaque into 
304 eggs collected 
from 14 female maca- 
ques. The cells showed 


all the requisite pluripotent stem cell mark- 
ers; in lab dishes, they generated heart and 
brain neurons, and in live mice they formed 
teratomas—tumor tissues from all thr 
erm layers, 

Scientists such as Robin Lovell-Badge of 
the U.K. Medical Research Council have 
lauded the feat while pointing out that the low 
success rate—0.7%— 
means more primate 
work is needed before 
women should be 
asked to donate eggs 


for such research. 

Mitalipov origi 
nally reported the 
hhievernent last June 
in Cairns, Australia, 
at the meeting of 
the International Soc- 
ity for Stem Cell 
Research, At the time, 
he met with some 


skepticism. Before 
publishing the paper, 
Nature took the un- 
precedented step of asking a group headed by 
David Cram of Monash University in Clayton, 
Australia, to be sure the cell lines had the same 
genotype as the donor of the skin cells. Their 
report is published in the same issue of Natur 
hich issued a statement declaring this a pru- 
fen the importance of the results 
recent history in the cloning field.” 
Scientists have discovered that the big 
peril in cloning, as the Hwang team ult 
‘mately discovered, is that what you may really 
come up with are parthenotes—that is, early 
embryos arising solely from the activated 
oocyte. Parthenotes—less useful than clones 
because they have only the genes of the egg 
donors—can result when the spindle contain- 
ing the nuclear DNA is not completely 
removed before a foreign nucleus is 
introduced. The usual technique for 
locating the spindle is with a d 
or ultraviolet light, which th 
researchers suspected could dam- 
1¢ fragile primate oocytes. 
So instead, the Oregon 
group used a new nonin- 
vasive imaging system 


made history. 


locate the spindle, 
then used a probe 


Killing B cells relieves 


rheumatoid arthritis 


to suck it out and replace it with the skin cell. 
Enucleation of the oocyte is 100% efficient 
with this technique, said Mitalipov, The sci- 
entists also changed the culture medium, 
eliminating calcium and magnesium, which 
they believe cause premature activation of the 
oocyte and failure of the donor nucleus to 
become properly “remodeled.” 


On target. Latest imaging technology clearly shows the eggs nucleus, to be 
withdrawn by pipette at right, Semos (below), the male macaque whose skin cells 


Although the cloning “efficiency is still 
low." Mitalipov said at a press conference, “I 
believe the technology we developed ca 
directly applicable to humans.” 

Robert Lanza of Advanced Cell Technol- 
ogy in Worcester, Massachusetts, calls the 
Oregon paper a “turnaround,” saying that it 
marks a “recovery for the field.” because the 
Hwang paper was retracted in January 2006, 
The next step. says Mitalipoy, will be to test 
cloning for treatment ofa disease, something 
that hitherto has been tried only in the mouse, 
A likely target is diabetes, says Mitalipov, who 
plans to inject cloned, genetically modified 
ES cells into a monkey mode! of the disease. 
cannot emphasize enough how useful 
these [cloned primate ES] cells will be” for 
studying other diseases that also affect 
humans, says Cibelli. Another application, he 
says, will be to compare the cloned primate 
cells with cells reprogrammed by the 
methods Yamanaka and Thomson used. “If 
their method is as good as the oocyte” in 
reprogramming somatic cells, says Cibelli, 
‘we will be no longer in need of oocytes, and 
the whole field is going to completely change. 
People working on ethics will have to find 
something new to worry about.” 


~GRETCHEN VOGEL AND CONSTANCE HOLDEN 
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CLINICAL RESEARCH 


ALS Trial Raises Questions 
About Promising Drug 


Anantibiotic long thoughtto hold promise for 
treating neurologic diseases failed dramati- 
cally in a recent clinical trial; this newss has 
sparked a debate about why the drug flopped 
and whether the results should be interpreted 
broadly. In a study of 412 people with amy- 
otrophic lateral sclerosis (ALS), published 
earlier this month, scientists were startled to 
find that patients on the drug, minocycline, 
declined more quickly than those on a 
placebo. Now clinics are urgently tracking 
down ALS patients whose physicians have 
prescribed minocycline off label. Many have 
been taking the drug—approved in the 1970s 
to treat certain infections—because animal 
studies have shown it can slow the course of 
brain diseases, and some small human trials 
have suggested that it’s safe, That did not 
appear to be the case here. 

The disappointing outcome may affect 
new or ongoing trials of minocycline for other 
conditions, including multiple sclerosis (MS) 
and Huntington's disease, Researchers leading 
these trials generally reject the idea that the 
drug's showing in ALS, published online 
1 November in The Lancet Neurology, has 
much bearing, “We don’t really believe that 
the ALS data adds something, but whenit's out 
there, you have to deal with i,” says newrolo- 
gist Luanne Metz of the University of Calgary 
in Canada, who is beginning a study of 
minocycline in 200 people at risk for MS. She 
angues that MS is very different from ALS— 
more autoimmune than neurodegenerative— 
and unlikely to respond in the same way. Still, 
Metz’ trial has added extra safety monitoring. 

In contrast, the authors of The Lancet 
Neurology paper are quite concerned, argu- 
ing that their trial “generates the need to re~ 
‘examine ... the justification for other trials 
‘of minocycline in patients with neurological 
disorders.” Over 9 months of treatment, the 
ALS patients on minocycline declined 
25% faster, as measured by a functional rat- 
ing scale, than did those taking a placebo. 
But there was no significant difference in 
death rates between the two groups, and the 
patients rated quality of life equally, sug- 
‘gesting that the decline was subtle. 

Exacily what went wrong remains a mys- 
tery. Merit Cudkowicz. a neurologist at Mass 
achusetts General Hospital in Boston who is 
running a minocycline trial in 100 patients 
with Huntington's disease, believes the drug 
doses in the ALS study were too high, asmuch 
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therapy declined more rapidly than those on a placebo. 


«as double what she and Metz are using. But 
Paul Gordon, who led the ALS trial and works 
as ancurologist at Columbia University and at 
Hopital de la Pitic-Salpétriére in Paris, notes 
that patients on the higher doses did no worse 
than those on lower ones, nor did side effects 
appear to correlate with deterioration. “We're 
sort of left with scratching our heads." he says. 

The results are especially confusing 
‘because published animal studies suggested 
that the drug can suppress neuroinflamma- 
tion and inhibit cell death. But Gordon notes 
that mouse studies didn’t really reflect the 
way ALS patients are treated. For example, 
the mice received minocycline before they 
began showing symptoms. 

‘Animal experiments offer only a rough 
guide to human testing, says neurologist 
Nigel Leigh of King’s College London, 
who still hopes that minocycline will prove 
useful for ALS. Leigh says it's possible that 
high doses of the antibiotic were neuro- 
toxic for patients, whereas lower doses 
might be neuroprotective. Heid been plan- 
ning with colleagues to launch a minocy- 
cline study in 1000 ALS patients: now he's 
secking approval for a revised proposal to 
identify an ideal minocycline dose ina 
smaller group of patients. 

“It would be hasty to stop every trial” 
testing the drug, agrees John Marler, an 
associate director for clinical trials at the US. 
National Institute of Neurological Disorders 
and Stroke in Bethesda, Maryland. Even very 
brief trials of minocycline, though, will con- 
sider whether to modify their protocols, says 
Marler, such as a 3-day acute stroke trial 
recently funded by the institute. Adds Mar- 
ler: "We're not going to overlook any possi- 
ble relief” for these patients. 

JENNIFER COUZIN 
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Church Blesses Stem Cell Studies 


\With the support of the pope and the italian 
Episcopal Conference, which represents all the 
bishops of Italy, Bishop Vincenzo Paglia of 

Terni announced last week that he has 
provided University of Milan-Bicocca 
researcher Angelo Vescovi with €380,000 
to isolate stem cells from naturally miscar~ 
ried fetuses and test whether the cells can 
help people afflicted with multiple sclerosis 
‘amyotrophic lateral sclerosis. 

It's the firs time Italy's Catholic Church, 
which has strongly opposed embryonic stem 
cell work and al in vitro fertilization prac 
tices, has funded any stem cell research, says 
Vescavi, who openly sided against ES cell 
research in 3 2005 referendum in italy, The 
‘overall project will cost about €2 million, and 
\Vescovi says the remaining funds have been 
pledged by private and public sources. He 
Now seeks regulatory approval in Europe or 

the United States to start clinical testing of 
his fetal stem cells in the next few months. 

But University of Milan stem cell 
researcher Elena Cattaneo says, “scientists 
should have more data on stem cells from 
naturally miscarried fetuses before proceed 
ing [to the clinid].” “FRANCESCO DE PRETIS 


Brits Wish Scopes Farewell 
‘The United Kingdom announced plans last 
‘week to withdraw from the Gemini Observa- 
tory, cutting the country off from two of the 
world’s most advanced telescopes. Gemini’s 
‘win 26-foot telescopes in Hawaii and Chile 
‘allow astronomers from a seven-nation con- 
sortium an unobstructed view ofthe entire 
night sky. The United Kingdom had invested 
about £35 million in building Gemini, "No 
‘one was expecting this,” says astronomer 
Roger Davies of the University of Oxford, U.K, 
‘The United Kingdom has other access to 
Southern Hemisphere telescopes, but Davies 
says the los of access to the northern skies 
‘would jeopardize the country’s extrasolar- 
planet detection and dark-energy research. 
The U.K. Science and Technology Facilities 
Council, meeting this week to finalize the 
withdrawal, says the move wil help it focus 
financial resources on the “highest priority 
programmes.” But the council declined to explain 
how much money the decision wil save. The 
United Kingdom pays about £4 million each 
year in Gemini operating costs, and under the 
‘consortiums 1992 agreement, a country that 
withdravs would lose its observing time and still 
be liable for those costs for 2 years, explains 
Jean-René Roy of the Gemini Observatory. 
ELIZABETH QUILL 
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ASTRONOMY 


If You Build It, Will They Come? 


CHIANG MAL, THAILAND—With an espresso 
stand, agiftshop, and a misty forest festooned 
with orchids and red rhododendrons, the 
2550-meter summit of Inthanon Mountain 
lacks the grandeur of Fuji or the towering 
remoteness of Everest. But new construction 
atop Thailand's tallest peak is still making a 
statement: This Southeast Asian nation 
intends to become a serious player in global 
astronomy anda regional leader in the field. 
Earlier this year, Thailand began building 
an observatory complex on Inthanon, about 
100 kilometers west ofthe temple city of Chiang 
Mai in northern Thailand, The centerpiece of 
the $40 million program will be a 2.4-meter 
optical telescope for studying 
binary stars and searching for 
extrasolar planets, It will match 
the size of the largest instru- 
ment in mainland Asia—a 
newly installed 2.4-meter scope 
at Yunnan Observatory in Kun- 
ming, China, that is about to 
undergo a year of testing—and 
serve astronomers from across 
Southeast Asia and beyond. 
“Its a bold vision,” says John 
Hearnshaw, an astronomer at 
the University of Canterbury in 
Christchurch, New Zealand, 
‘who assessed Thailand's ambi- 
tions on behalf of the Inter- 
national Astronomical Union. 
Not everyone is enamored 
with the project, which is 
expected to be completed in 
March 2009. Some scientists 
have questioned such a large 
investment in astronomy by a 
country struggling to build 
capacity in biology and other 


and supemovae. “Many of the most exciting 
discoveries of the last 25 years in optical 
astronomy have come from small to medium 
telescopes on the ground.” Heamshaw says. 
Thailand is home to only about a dozen 
research astronomers. Even so, the new tele- 
scope, to be dedicated to King Bhumibol 
Adulyadej, the world’s longest serving head 
of state, won't be the first major astronomical 
facility on the mountain. Earlier this year, 
three universities—Mahidol, Chula- 
longkorn, and Ubon Rajathanee—used 
‘equipment donated by Japan's Shinshu Uni- 
versity to build a cosmic-ray detector at a 


unique spot in Earth's geomagnetic profile. 


fields more tightly coupled to 
economic growth, Others 
assail the telescope itself. 


Aad astra per aspera. (Above) Boonrucksar 
Soonthornthum visits Yunnan Observatory to 
arrange Thai collaboration on China's new 2.4- 


“People in their right mind 
‘would not invest a huge sum of 
money to build an optical telescope in a trop- 
ical atea with high humidity.” says one Thai 
astronomer, who dismisses the project as “a 
white elephant 

Hearnshaw defends the decision. “Cer- 
tainly the rainy season will curtail the obsery- 
ing season,” he says. “But that won't be a dis- 
aster” He predicts that observing “should be 
reasonably good” for 9 months a year and that 
the telescope will be a valuable addition in 
tracking sudden events like gamma ray bursts 
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‘metertelescope. Unset) A dormitory for scientists takes shape in Thadand, 


The neutron monitor is named after 
Princess Maha Chakri Sirindhorn, an astron- 
‘omy buff, and situated on the grounds of a 
Royal Thai Air Force radar installation adja~ 
cent to the 2.4-meter telescope site. It studies 
solar cycles and serves as a space-weather 
sentinel. The geomagnetic equator passes 
through Thailand, and Earth's magnetic field 
bulges toward Southeast Asia, producing the 
strongest horizontal magnetic field on the 
planet. That dynamo allows only the tough- 


‘st cosmic particles through. “Our station is 
registering the most energetic cosmic rays of 
any neutron monitor in the world,” says 
astrophysicist David Ruffolo of Mahidol 
University in Bangkok. Such sensitivity, his 
group has shown, could provide a 4-hour 
warning of an oncoming geomagnetic 
storm—more than twice the lead time of 
space-weather satellites 

Four years ago, the Thai government 
requested proposals to commemorate King 
Bhumibol’s 80th birthday this month. 
Astronomer Boonrucksar Soonthomthum, 
who has labored to ntise education standards 
and the country’s profile in the international 
astronomical community, noted that the 
monarch liked to stangaze in his youth and 
that a star map graces a ceiling in his pala 
Earlier this year, the Thai cabinet approved 
the National Astronomical Research Institute 
of Thailand (NARIT) as the sole science 
megaproject to mark the birthday. NARIT 
commissioned a $7.8 million telescope from 
EOS in Canberra, Australia, Construction of 
NARIT’ training center—dormitories for 
scientists, conférence facilities, and an edi 
tional display—is in full swing. 

Although first light will occur long after 
the birthday bash, Boonrucksar’s outfit has 
found another way to celebrate, Next week 

NARIT will host an Intei 
national Olympiad here 
in astronomy and astro- 
physics, Some two doze 
countries have agreed to 

send teams of five high H 
school students i 


= 


Boonrucksar sees the 

Olympiad as part of a larger & 

effort to “teach young peo- | 
3 


ple how to think critically 
and analytically.” That's also 
the goal behind funding four 
graduate fellowships a year 
in astronomy, for study 
abroad, as part of the telescope project. Thai- 
land hopes to lure foreign talent, too. 3 
Expanding the ranks of astronomers “is cer- 
tainly necessary if the investment in the tek 
scope is to be justified” Hearnshaw says. 
Boonrucksar deserves credit for succeed- 
ing “against all odds” in putting Thailand on 
the astronomical map, says cosmologist Burin 
Gumjudpai of Naresuan University in Phit- 
sanulok, Thailand. “It gives us hope,” he says, 
“That astronomy can be a real career here!” 
RICHARD STONE 
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Isolated. Indonesia has had the world’s 


areatest numberof HSN deaths, even a — 


the country flip-lopson sharing flu samples = 


AVIAN INFLUENZA 


More Bumps on the Road to 
Global Sharing of H5SN1 Samples 


A battle between Indonesia and the World 
Health Organization (WHO) is escalating. 
Indonesia's health minister, Siti Fadilah 
Supari, has claimed that WHO is refusing to 
return dozens of HSNI influenza viruses iso- 
lated from Indonesian samples. WHO callsthe 
claims baseless and says Indonesia can get 
back the viruses once it shows it can handle 
them safely, The clash promised to complicate 
what was already expected to be a difficult 
international meeting about pandemic pre 
paredness, slated to startin Geneva, Switzer- 
lanl this week, after Seéence went to press. 

At issue are 56 specimens from human 
HN victims that Indonesia has shared with 
WHO as part of the Global Influenza Sur- 
veillance Network over the past few years. As 
usual, the samples have gone to WHO'S four 
Collaborating Centres in London, Atlanta, 
Tokyo, and Melbourne, where researchers 
isolate and study the virus. Their analysis 
helps WHO monitor virus evolution, drug 
resistance, and pandemic tisk, as well as aid- 
ing vaccine development, Indonesia, by far 
the most heavily afflicted country with 
113 human cases and 91 deaths, has protested 
the scheme: the country worries that even ifit 
it will not have access to vac- 
cines if'a pandemic occurs. So far in 2007, 
Indonesia has shared only two samples, says 
Dayid Heymann, who heads WHO's pan- 
demic influenza efforts. 

Heymann says that at Supari’s request, on 
31 October WHO sent Indonesia a list of the 
56 specimens the country had submitted tothe 
network prior to 2007. He says the four labs 
had isolated HSN1 virus from 40 of them. But 
according to a report in the Jakarta Post, 
Supari suid ata press conference in Jakarta on 
8 November that WHO refuses to send the 
samples back. “We keep asking [WHO] to 
return the samples because they belong to us. 
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This is for the sake of our country’s sover- 
ccignty.” the newspaper quoted Supari as say- 
ing. Health ministry officials could not be 
reached to confirm the report. Heymann 
claims Supari is trying to cast WHO ina bad 
light. “She has always said she doesn’t trust 
WHO, and she’s finding new reasons not to 
trust us,” he says. 

Masato Tashiro, director of the WHO 
Collaborating Centre for Reference and 
Research on Influenza in Tokyo, says he 
believes Indonesia did not retain part of the 
samples, as countries usually do, because it 
previously did not have the biosafety level 3 
{BSL-3) laboratories recommended for han- 
dling dangerous pathogens. Indonesia had 
cooperated with WHO'S flu-sharing network 
until early this year when it learned that an 
Australian company had developed a vaccine 
using an Indonesian HSNI strain, Fearing 
that such a vaccine made outside the country 
‘would be out of reach financially, Indonesia 
started developing its own research and 
development capabilities while withholding 
specimens and demanding capacity-building 
assistance from the international community. 
Tashiro says that when the institutions 
requesting viruses can certify that their 
planned BSL-3 labs are up and running, get- 
ting viruses returned from Japan—and prob- 
ably other countries—would be routine. 

‘Although Indonesia isthe only country that 
has stopped sending samples, itis reportedly 
trying to persuade others to follow course. 
Widjaja Lukito, a physician at the University 
of Indonesia in Jakarta and a member of 
Indonesia's delegation to the Geneva meeting, 
says Indonesia would “clarify everything” in 
Geneva, Heymann and others say any inter- 
ruption of the 55-year-old sharing system 
would createa huge risk for global health 

MARTIN ENSERINK AND DENNIS NORMILE 


NIH Budget Boost Fails 

‘The House last week failed to override a 
presidential veto of a 2008 spending bill, 
dashing hopes fora 3.8% budget boost for 
the National institutes of Health (NIH). On 
13 November, President George W. Bush 
vetoed the $151 billion bill funding labor, 
health, and education programs, calling it 
fiscaly irresponsible. Although the Admin- 
istration had asked for a $279 million cutback 
at NIH, this proposal included a $1.1 billion 
raise. The attempt to override the veto in the 
House on 15 November was close but fell two 
votes short of the two-thirds majority needed 
77-140). 

Lawmakers are now talking about meeting 
the president halfway, suggesting an increase 
‘of only $700 million for NIH, according to 
David Obey (D-WI), chair of the House Appro- 
priations Committee. National Cancer insti- 
tute Director John Niederhuber told advisers 
last week that he expects the 2008 appropria~ 
tion won't be finalized until February. For 
‘now, NIH and other agencies are operating at 
2007 levels under a continuing resolution 
that expires on 14 December, 

“JOCELYN KAISER 


Reprieve Granted on Grants 


The National Health Councit (NHC) is on the 
prow for $250,000 to fund a proposed data- 
base of rejected National Institutes of Health 
(NIH) grants. Under the plan, developed by 
NHC, a consortium of medical corporations 
‘and nonprofits based in Washington, D.C., 
investigators would submit the tile, abstract, 
and other information from theit rejected NIH 
proposals toa searchable database. Jo Anne 
Goodnight of NIH’s Office of Extramural 
Research says the database would allow 
smaller organizations to leverage the NIH 
peer-review process, -BENJAMIN LESTER 


Protesters Strike Again 


PARIS—French academic life came to a par- 
tial standstill ast week as students occupied 
‘or blocked access to faculty buildings at half 
‘of the country's 85 universities to demand the 
repeal ofa law that gives those schools more 
freedom to handle budgets, staffing, and 
housing decisions. Many researchers applaud 
the reforms, which are slated for implemen 
tation in the coming months, but radical stu- 
dent unions fear they will increase inequality 
among universities and give business too 
much influence. A countermovement of 
students claiming the “right to study” 

has emerged. MARTIN ENSERINK 
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Having issued their fair and balanced consensus document, many climate scientists now cite 
oft-overlooked reasons for immediate and forceful action to curb global warming 


THE LATEST REPORTS FROM THE NOBEL 
Prize-winning Intergovernmental Panel on 
Climate Change (IPCC) were informative 
enough. Humans are messing with climate 
and will, sooner or later, get burned if they 
keep it up, But just how urgent is this global 
‘warming busi 

IPCC wasn’t at all clear on that, at least 
‘notin its summary reports. In the absence of 
forthright guidance from the scientific com- 
munity, news about melting ice and starving 
polar bears has stoked the public climate 
frenzy of the past couple of years. Climate 
researchers, on the other hand, prefer sci- 
ence to headlines when considering just 
how imminent the coming climate crunch 
might be, With a chance to digest the 
detailed IPCC products that are now avail- 
able (www.ipce.ch), many scientists are 
more convinced than ever that immediate 
action is required, The time to start “is right 
now," says climate modeler Gerald Meehl of 
the National Center for Atmospheric 
Research in Boulder, Colorado. “We can't 
wait any longer: 

What worries these researchers is the 
prospect that we've started a slow-moving but 
relentless avalanche of change. A warming 
may well arrive by mid-century that would 
not only do immediate grievous harm—such 
as inerease drought in vulnerable areas—but 
also commit the world to delayed and even 
more severe damage such as many meters of 
sea-level rise. The system has built-in time 
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lags. Ice sheets take centuries to melt after a 
‘warming. The atmosphere takes decades to be 
warmed by today's greenhouse gasemissions. 
‘And then there are the decades-long lags 
involved in working through the political sys- 
temand changing the world energy economy, 
“If you want to be able to head off a few tril 
tions of [dollars of climate} damages per year 
a few decades out,” says glaciologist Richard 


Alley of Pennsylvania State University in 


State College, “you need to start now. 


Bad things, soon 

The disturbing message on the timing of 
global warming’s effects comes in the IPCC 
chapters and technical summaries quietly 
posted online months afier each of three 
working groups released a much-publicized 
‘Summary for Policymakers (SPM). An over- 
all synthesis of the working group reports 
was released Saturday at the 27th session of 


Early target. Some mountain-dwelling amphibians 
are already feeling the heat. 


IPCC. Earlier this year, only the SPMs 
‘went through the wringer of word-by-word 
negotiations with governments, which 
squeezed out a crucial table and part of 
another (Science, 13 April, p. 188). That 
information—which was always in the full 
reports—along with other report mater 
makes it clear that substantial impacts are 
likely to arrive sooner rather than later. 

Table TS.3 of Working Group II's techni- 
cal summary, for example, lays out pro- 
jected warmings. The uncertainties are 
obvious. Decades ahead, models don't agree 
on the amount of warming from a given 
amount of greenhouse gas, and no one can 
tell which ofa half-dozen emission scenar- 
ios—from unbridled greenhouse-gas pro- 
duction to severe restraint—will be closes 
. But this table strongly sugges 
that a middle-of-the-road, business-as-usual 
scenario would likely lead to.a 2°C warming 
by about the middle of this century. 

Lined up beneath the projected warm- 
ings in the table are the anticipated effec 
of each warming. Beneath a mid-century, 
2°C warming is a litany of daunting ill 
effects that had previously had no clear tim- 
ing attached to them: increasing drought in 
mid-latitudes and semiarid low latitudes, 
placing | billion to 2 billion additional peo- 
ple under increased water stress; most 
corals bleached, with widespread coral mor- 
tality following within a few decades; and 
decreases in low-latitude crop productivity, 
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Agoner? Time may have run out to prevent the 
disappearance of summertime Arctic sea ice. 


as in wheat and maize in India and rice in 
China, among other pervasive impacts. 

At the bottom of the same table isa cate- 
gory of effects labeled “Singular Events.” 
most dramatically sea level rise. The table 
shows a “Long term commitment to several 
metres of sea-level rise due to ice sheet loss” 
falling between the middle-of-the-road 2°C 
warming and a 3°C warming, which without 
drastic emissions reductions might well come 
by the end of the century. The report calls ita 
commitment” because although the tempera 
tures needed to melt much of the Greenland 
ice sheet might be reached in the next 50 to 
100 years, the ice sheet, similar to an ice cube 
iting on a countertop, will take time to melt 
even after the surrounding air is warm 
enough, Its huge thermal inertia means a lag 
of at least several centuries before it would 
largely melt away, flooding much of South 
Florida, Bangladesh, and major coastal cities. 


Alaggard system 
Ice sheets aren't the only thing that stretches 
‘out the time between an action—say, building 
a coal-fired power plant—and a global warm- 
ing impact, For example, the atmosphere is 
slow to warm because the oceans are absorb- 
ing some of the heat trapped by the strength- 
ening greenhouse, IPCC estimates that even if 
no greenhouse gases were added after the year 
2000, the oceans’ heat would warm the atmos 
phere 0.6°C by the end of the century, or as 
‘much as it warmed in the last century. So the 
world is already committed to almost one- 
quarter of the warming that can be expected 
late in the century. And half the warming of 
2 thenext couple of decades will be carried over 
from emissions in the past century. 
‘Then there are the lags that come into play 
j ahead of the climate system, The technologi- 
# cal infrastructure that does most of the emit- 
i ting—the gasoline-fed cars and coal-fired 


power plants, primarily—will have to be radi- 
cally altered if greenhouse emissions are to be 
& drastically reduced. The speed at which infia- 
structure can be changed depends on the per- 
ceived urgency, says energy-climate analyst 
James Edmonds of the Pacific Northwest 
National Laboratory's office in College Park, 
Maryland. Past transitions from one energy 
source to another—say, wood to coal—took 
upward of 50 to 100 years, he notes. But even 
with a Manhattan Project imperative—some- 
thing nowhere in sight—weaning cars off oil, 
building nuclear power plants, and rigging 
coal power plants to shoot the carbon dioxide 
into the ground will take decades, not years. 


SOURCE MODINED FROM RCE WoRRING GROUPS: 
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And there's the lag while governments 
crank up the will to fundamentally alter the 
global energy system. “The biggest lag is in 
the political system,” says geoscientist 
Michael Oppenheimer of Princeton Univer- 
sity. A couple of decades have already passed 
discussing the seriousness of the threat, as he 
sees it, and at the present rate it could be 
another 20 years before a worldwide program 
up to the task isin place. 

Yet another lag would enter the calculation 
for taking action if policymakers waited for 
‘more research to narrow the scientific uncer- 
tainties. In the 1980s, for example, the biggest 
uncertainty in climate science was clouds 
and how they would react to climate change. 


45 


2100 


‘we are essentially where 
we were then.” says atmospheric scientist 
Robert Charison of the University of Wash- 
ington, Seattle. Clouds are still poorly under- 
stood, as are pollutant hazes, another collec- 
tion of microscopic particles with a highly 
uncertain effect on future climate. 

With all these known time lags adding up 
to many decades, a lot of climate scientists 
say that the time for serious action is now. 
“We can’t really afford to do a ‘wait and 
learn’ policy.” says Oppenheimer. “The most 
important question is, when do we commit to 
2°? Really, there isn'ta lot of headroom left. 
We better get cracking” 


Fear of the unknown 

Physics and sociocconomics may make pilot- 
ing the ponderous ship of climate a cumber- 
some business, but researchers are also wor- 
ried about navigating around the hazands they 
fear may be lurking unseen beneath the sur- 
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face. They've hit hidden obstacles before, 
Back in the 1970s, atmospheric chemists were 
‘worrying that pollutant chlorine might be 
destroying stratospheric ozone over their 
heads. Yetall the while, that chlorine was team 
ing up with ice-cloud particles over Antarctica 
to wipe out stratospheric ozone through a 
‘mechanism that scientists had overlooked. 
Prestigious committees have been warning 
for 25 years that similar surprises could spring 
from the climate system. A few may be start- 
ing to show themselves. Arctic sea ice took a 
nosedive last summer, prompting concerns 
that feedbacks not properly included in mod- 
els are taking hold and accelerating ice loss 
(Science, $ October, p. 33). Glaciers draining, 
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Cora reefs bleached 
~10%=-15% of species commited to extinalon 
oss of 8% of freshwater fish habitat in N. America 


Polar ecosystems increasingly damaged 
“Amphibian extinctions increasing on mountains 


Optimistic scenario 
~ Pessimistic scenario 
— Observed 


both southern Greenland and West Antarctic 
have suddenly begun rushing to the se 
and glaciologists aren't sure why (Science, 
24 March 2006, p. 1698). And theorists 
recently reminded their colleagues that they 
Will never be able to eliminate the small but 
very real chance that the cli 
contrary to most modeling — 
to greenhouse gases. 

The uncertainties are adding up. “You can 
hhope the uncertainties are going to break your 
says policy analyst Roger Pielke J. ofthe 
University of Colorado, Boulder. “There have 
‘been times they did, But if you play that game 
‘often enough, you're going to Lose some pretty 
big bets sometimes.” In the case of global 
‘warming, Pielke says, “we don’t have a lot of 
time to wait around.” Edmonds agrees. If 
avoiding a2°C warmingis the goal, “the world 
really has to get its act together pretty damn 
fast. The current pace isn’t going to do it.” 

“RICHARD A. KERR 
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AUTOIMMUNE DISEASES 


The B Cell Slayer 


It took nearly a decade for Jonathan Edwards to persuade people that killing B cells 
could relieve symptoms of rheumatoid arthritis. Multiple sclerosis is his next target 


LONDON—For someone who has just seen 
his ideas for treating a crippling disease 
vindicated after years of rejection, Jonathan 
Edwards is remarkably self-effacing. Asked 
whether he feels he has brought hope to 
some of the millions with rheumatoid 
arthritis (RA), the 57-year-old theumatolo- 
ast tends to look at his shoes or up at the 
ceiling. Edwards would much rather talk 
about where he plans to go next than to 
dwell on how his University College Lon- 
don (UCL) team’s decade-long pursuit of 
‘an unfashionable idea has now led to a new 
RA therapy approved in the United States 
and in Europe. 

The unfashionable idea advocated by 
Edwards is that RA stems from the misbe- 
havior of denizens of the bloodstream 
known as B cells. These white blood cells 
play a key rote in the body's immune sys- 
tem, releasing disease-fighting antibodies 
that have exquisite specificity formolecular 
targets, normally those on pathogens. B cells 
are also obvious suspects in autoimmune 
conditions such as RA, in which the 
immune system goes haywire and starts 
unleashing friendly fire within normal 
healthy tissue. Yet the idea of their involve- 
ment fell out of favor in the 1970s when 
autoimmune researchers interested in RA 
turned their attention to a different white 
blood cell, the T cell. 

Edwards, however, has breathed new life 
into the B cell theory of RA by providing 


evidence that eliminating the: 
patients can ease their symptom: 
deserves great personal credit; 
strong, consistent voice at a time when most 
others were not looking at B cells as central 
to rheumatoid arthritis pathogenesis,” says 
rheumatologist Gregg Silverman of the 
University of California, San Diego. 

B cell-depletion therapy doesn’t work 
for every RA patient, and questions remain 
about how long the relief it brings lasts. 
Still, once again challenging conventional 
wisdom, Edwards is now arguing that 
B cells hold the key 
to another autoim- 
mune affliction: 
multiple sclerosis 
(MS). And there is 
already tantalizing 
clinical evidence 
that the outcome 
could be the same—namely, a new therapy 
for a notoriously recalcitrant disease. 


‘The retum of B cells 

‘When Edwards began his career in rheuma- 
tology in the 1970s, B cells seemed a prime 
suspect in the cause of RA. as they are the 
source of so-called rheumatoid factor (RF), 
a variety of antibody found in high levels in 
patients with the disease. Yet about 20% of 
RA patients don’t have RF in their blood, 
and the level of RF doesn’t correlate per- 
fectly with the severity of disease 


“Edwards put B cells back 
on the agenda.” 


gone. Killing B cells (left) could bea treatment 
{for autoimmune diseases 


As researchers struggled to link B cells 
with what they were seeing in their patients, 
attention shifted to the behavior of T cells 
instead. These white blood cells help control 
B cells and turn up in joint tissue damaged 
by RA in larger quantities than B cells do. 
“By the late 1970s, B cells didn't seem to 
have anything to say. They'd become bor- 
ing.” says Edwards. T cells “were just much 
more interesting.” 

For the next 20 years, T cells dominated 
the research agenda on autoimmune dis- 
eases. Yet it became clear, at least to 
Edwards, that the excitement about T cells 
‘was largely misplaced. Anti~T cell therapies 
failed to work for RA. It also remained 
unclear that T cells could cause inflamma- 
tion without the involvement of B cells 
Nor, he argued, couldT cells aecount for the 
persistence of RA. 

All this prompted Edwards and his UCL 
colleague Geraldine Cambridge to begin 
pondering alternatives in the late 1990s— 
including the old idea that B cells held the 
key to therapy. The pair had been struck by 
the discovery that joint tissue attacked in 
RA contained two molecules—VCAM-1 
and DAF—known to promote the persist- 
ence of B cells, 

By 1998, Edwards and Cambridge had the 
framework of a new explanation for RA based 
on B cells, Put simply, they suspected that the 
problem was a few bad apples. The body 
‘maintains a vast array of B cells, each produc- 
ing an antibody witha unique shape, many of 
which prove useful in fighting disease, By 
chance, however, some B cells inadvertently 
produce antibodies 
that attack healthy tise 
sue, Normally, the B 
cells producing thes 
“autoantibodies” are 
destroyed. But ina 
disastrous twist in 
some people, the 
UCL team proposed, some of these autoant 
bodies undermine the weeding-out proce 
keeping the bad-apple B cells alive and also 
prompting T cells to help these B cells make 
yet more of their destructive antibodies. “The 
result isa Vicious cycle.” says Edwards 

The test of this hypothesis was obvio 
Eliminate B cells from people with RA and 
Jet the immune system “reboot” with new 
B cells, The odds that the same bad apples 
would arise again and survive weeding out 
‘would be very small, As luck would have it, 
a drug capable of killing B cells but sparing 
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the stem cells that make them had just 
reached the market. Approved in 1997 for 
use with B cell lymphomas, rituximab is a 
‘monoclonal antibody specially designed to 
home in on and knock out the immune 
cells. If Edwards and Cambridge were right, 
rituximab could also be the basis of a treat- 
ment for RA. A largely safe one, moreover: 
Studies of rituximab in hundreds of cancer 
patients had produced relatively few side 
effects and shown that people could tem- 
porarily lose all their B cells without suffer- 
ing too many problems from suppression of 
their immune systems. 

The pair tried to publish their B cell 
theory—only to encounter responses from 
journals ranging from lukewarm to cryo- 
genic, “We were told there was already a 
perfectly good explanation—based on 
T cells,” recalls Edwards. “The major med- 
ical journals wouldn't take it at all.’ Their 
proposal finally appeared in Jmmunology in 
1999 and provoked no response at all. 

Undeterred, the UCL team set up a pilot 
trial, giving B cell-depleting drugs, includ- 
ing rituximab, to five people with especially 
severe RA. Once their B cells disappeared, 
the patients’ symptoms improved dramati- 
cally, and three continued to do well even 
afier their B cells returned, 6 months or so 
later. Although journals dismissed the 
results on so few patients as inconclusive, 
Edwards scraped together more money from 
departmental funds and recruited more 
patients, At a 2000 meeting, the UCL team 
was able to present data on 20 patients, all 
but two of whom had shown major improve~ 
ments, some for as long as 18 months. 

The media picked up on the apparent 
success, but the resulting headlines 
sparked accusations of hype, with the 
British Medical Journal condemning the 
irresponsibility” of the UCL team in talk- 
ing to the press about preliminary results 

from such a small trial. Still, Edwards got 

the support of the drug company Roche, 
which owns the European rights to ritux- 
imab, to push ahead. By 2002, the UCL 
team had the results of a randomized, con- 
trolled trial involving 161 patients, which 
showed that more than 40% of those 
receiving rituximab with methotrexate, a 
i conventional anti-inflammatory agent, had 
§ experienced major improvements in symp- 
toms at the end of 24 weeks, compared to 
@ just 13% of those receiving MTX alone. 
= The relief continued even when the 
i patients were checked 48 weeks after the 
2 B cell-depletion therapy. “When I pre- 
§ sented these results, I think the penny 
6 finally dropped within the research com- 
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munity,” says Edwards. Indeed, The New 
England Journal of Medicine ultimately 
published the study’s results in 2004. 

The success prompted further, larger tri- 
als, and last year, the regulatory authorities 
in both the United States and Europe 
approved rituximab for use with MTX in 
severe cases of RA. And in August, the 
United Kingdom concluded that the therapy 
was sufficiently cost-effective to be made 
available free of change through the National 
Health Service. 

RA patient groups are understandably 
delighted about the new therapy, with the 
UK. charity Arthritis Care describing it as 

triumph." The RA research community is 
also excited. “I grew up thinking rheumatoid 


jproval. Jonathan Edwards's efforts 
resulted in  cell~depletion therapy being approved 
{or sheumatoid arthritis. 


arthritis was a kind of classic B cell disease, 
and then the T cell people moved in,” 
says Alan Silman of the University of 
Manchester, UJ 
of the U.K. Arthritis Research Campaign. 
“Edwards put B cells back on the agenda.” 


Remaining doubts, new disease 
‘Yet Silman isn’t totally won over. He and 
others continue to argue that most of RA’s 
inflammation is caused by a direct effect of 
T cells. “B cells don’t correlate perfectly 
with the disease,” says Silman. 

There have also been new safety con- 
cems about rituximab, as two lupus patients 
receiving the drug last year died of a rare 
viral infection. But no link with the drug has 
been proven. Overall, says Silverman, 
almost a decade of rituximab use has shown 
the drug to have a good safety profile, with 


NEWSFOCUS | 


no increase in opportunisti 
‘among those receiving it. 

Edwards accepts that questions remain 
about the role of B cells in RA: Why do 
fewer than half of patients respond to ritux- 
imab, for example? Nevertheless, Edwards 
and his colleagues have become interested 
in whether B cell-depletion therapy can 
treat MS, a neurodegenerative condition 
stemming from the destruction of the myelin 
insulation surrounding vital nerve cells. 
This myelin loss triggers a host of symp- 
toms, from muscle spasms and pain to loss. 
of bladder and speech control. 

Many scientists have argued that T cells 
drive the myelin breakdown in MS, but no 
effective therapy has yet resulted from pur- 
‘suing that theory. Edwards notes, howeve 
that studies in the mid-1 980s found that in 
the early stages of MS, the damage to nery- 
‘ous tissue seemed linked to the local accu- 
mulation of offspring of B cells known as 
plasma cells, Indeed, back in 1999, 
Edwards tried to interest neurologists in 
testing B cell-depletion therapy on MS 
patients but found no takers. 

Given the poor prognosis of many people 
with MS and the apparently low risks 
involved in rebooting the B cell system, 
Edwards has continued to lobby that ritux- 
imab is worth atry. And some MS researchers 
have started to agree, “There's strong circum- 
‘stantial evidence implicating antibodies” and 
thus B cells in MS, says immunologist 
Christopher Linington of the University of 
Aberdeen, UK. “Rituximab will almost cer- 
tainly help some patients. The problem is, you 
‘cannot predict which ones: 

In May at a neurology meeting, a team at 
the University of California, San Francisco 
(UCSF), unveiled preliminary results from 
an ongoing rituximab trial involving more 
than 100 patients with so-called remitting 
relapsing MS. The data, primarily magnetic 
resonance imaging scans of the patients’ 
nervous systems, indicated that the drug has 
dramatically reduced the nerve damage 
caused by the disease. “It’s no longer a ques 
tion of “Do B cells contribute to MS?" ™ but 
rather how, says Amit Bar-Or of McGill Uni- 
versity in Montreal, Canada, who worked 
with the UCSF team assessing the safety of 
the potential new therapy. 

The UCL team is playing down any sug- 
gestion that they‘ve been proved right again. 
Edwards says it’s far too early for that, 
although he's hopeful. “The longer we stay 
in this business, the more we realize there 
may be further twists to the tale.” he says. 

ROBERT MATTHEWS: 
‘Robert Matthews is a freelance writer based in Oxford, UK. 
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BIOMEDICAL RESEARCH 


Cell Biology Meets Rolfing 


A diverse group of researchers wants to create a new discipline from scratch by bringing 
together experts in fascia and deep-tissue massage 


BOSTON—Peter Huijing was far from 
enthusiastic when he received an invita- 
tion to speak at the Fascia Research Con- 
gress, The meeting, held here last month, 
would be the first dedicated to the soft part 
of the body's connective tissue system— 
an important but medically neglected 
organ, It would bring together top scien 
tists from fields as diverse as cell biology 
and biophysics, but it would also include 
alternative medicine practitioners, such as 
chiropractors and deep-tissue manipula- 
tors known as Rolfers. “I had a fear of 
damaging my reputation,” says Huijing, a 
world-renowned biomechanics researcher 
at Vrije Universiteit in Amsterdam, the 
Netherlands, who, despite his hesitation, 
decided to attend. By the time the confer- 
ence was over, Huijing had agreed to 
organize the next one. 

The conference was the brainchild of 
an M.D-Ph.D. co-director 
of research at the VA Medical Center in East 
Orange, New Jersey. For 30 years, Findley 
has been studying the science behind reha- 
ine; he is also director of 
olf Institute of Structural 
Integration in Boulder, Colorado, which 
trains and certifies Rolfers. He became con- 
vinced early on that fascia—which weaves 
its way through the body like a gossamer 
blanket, cradling 
organs, ensheathing 
bones, and providing 
structural support— 
plays a key role in 
how patients respond 
to treatment, He 
wanted to learn 
more, but there were 
no identifiable fas- 
cia researchers. 

Frustrated. Findley 
began e-mailing sci- 
entists like Huijing 
in 2003. Heknew that 
researchers around 
the world had been 
studying fascia 
in some form— 
MEDLINE refer- 
ences to it have 
spiked in the past 3 


years—but that they didn’t sce themselves as 
part ofa coherent field. Huijing, for example, 
looks at how the body generates force via the 
interactions between muscles and fascia, but 
he was unaware of cell biologists who were 
studying how fascial cells respond to move- 
ment, Findley hoped that bringing such sci- 
entists together would stimulate new 
research collaborations and shed light on the 
mysterious tissue, 

Findley also wanted to bring in cli 
cians, but he knew that M.D.s wouldn't cut 
it, Some researchers have speculated that 
fascial anomalies may be responsible for 
black box disorders like fibromyalgia and 
lower back pain, yet doctors have tradition 
ally ignored the tissue. Medical books 
barely mention fascia, and anatomical dis- 
plays remove it. “It’s just not sexy,” says 
Elizabeth Montgomery, a pathologist who 
specializes in soft tissue at Johns Hopkins 
University in Baltimore, Maryland. 

So Findley turned to the alternative- 
medicine community. Findley knew that 
Rolfers and other alternative therapists held 
fascia in high regard: They believe that rub- 
bing and stretching the tissue 
brings about the improve- 
ments they see in clients. 

‘Yet they don’t have the 
tools or data to prove their 


Pervasive. Fascia 


shawn here is from 
a lower leg muscle, 
dissected by Peter 

Huiljing Unset). 


claims. “Practitioners want to know the 
science behind what they're doing,” says 
Findley. “and scientists want to see clinical 
applications of their work.” Combining the 
two groups to create a new field seemed nat- 
ural. But as the meeting in Boston revealed, 
bridging the gap won't be easy. 


The great divide 
Frederick Grinnell picked up on the gap 
right away when he heard the applause— 
in the middle of a talk. It was 9:00 in the 
moming on the first day of the conferenc 
and Paul Standley, a vascular physiologist 
at the University of Arizona College of 
Medicine in Phoenix, was describing his 
work on fibroblasts, the chief type of cell 
found in fascia. When Standiey’s team 
placed the cells on flexible collagen and 
stretched the collagen in ways that repli- 
cated repetitive motion strains on the 
body, many cells died. But when the team 
followed the strains by stretching the col- 
lagen in ways that approximate techniques 
like Rolfing, more cells survived. The 
audience erupted. 

“It's rare to sce such enthusiasm at a con- 
ference,” says Grinnell, a cell biologist at the 
University of Texas (UT) Southwestern 
Medical Center in Dallas, “I was really 
struck by it." The audience was composed 
mostly of alternative-medicine practition- 
ers—chiropractors, massage therapists, and 
Rolfers—who signed up in droves when 
Findley first adver- 
tised the meeting in 
the fall of 2006. 
Within S months, the 
500-seat venue at 
Harvard Medical 
Schoo! had sold out. 

The scientists took 
more convincing, In 
addition to Findley's 
aggressive e-mail 
campaign, a $1-year- 
old graduate student 
named Robert Schleip 
(see sidebar, p.1235) 
traveled to labs 
around the world looking for 
plenary speakers. Some, like 
Grinnell, saw the conference as 
an opportunity to learn from 
other basic researchers. “I never 
realized my work on cell 
mechanics related to tissue 
mechanics until I heard about, 
this meeting,” he says. But oth- 
ers, like Huijing, were turned off 
at first: “I had never heard of 
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FROM ROLFER TO RESEARCHER 


Robert Schleip remembers the moment he became a “born-again scien- 
tist.” For 13 years, he had been teaching Rolfing—a technique that 
involves rubbing and stretching a bodywide network of soft connective 
tissue known as fascia—when he began to question his lesson plans. “I 
{ound there was a pseudoscientific mentality behind what | was doing,” 
says Schleip, who in 1978 became Germany's first licensed Rolfer. “I 
thought, ''d better check this stuff out.” “ 

So Schleip tured to the scientific literature on fascia. “When I did 
‘my homework, | discovered that some of [the Rolfing dogma} didn’t 
look so good.” For example, as part of their training, Rolfers assume 
that if they apply enough force to an area of fascia, they can lengthen it 
and remove tension. “But the science says you would have to apply a ton 
of pressure to effect these changes,” Schleip says. 

‘The literature also provided insight: Schleip discovered, for example, 
that fascia is highly innervated, and that might explain why manipulat- 
ing the tissue could ease pain, “I knew there were many gold 
‘mines waiting,” Schleip says. So he stopped teaching and pursued a 
scientific career 

Getting a research position wasn't easy. Ten professors turned Schleip 
down before one at Uim University gave him a chance—but no lab space. 
Schleip spent his first year conducting experiments in his kitchen and in a 
storage room he rented from a nearby pharmacy. He began to study the 
ability of fascial tissue to contract—a property that could play a role in 


things like Rolfing before," he says, “I didn't 
sec the relevanc In the end, 58 scientists 


together is a good idea. “Fascia is a legitimate 
target of study, but a field like this has to be 


- “ 
Sea change. Robert Schleip was a prominent Roller before he became a scientist. 


stiffness and lower back pain. “The professor was so impressed with how 
‘much | did on my own that he let me work in his lab,” Schleip says. 
Schleip now has a lab of his own, He eamed his Ph.D. with honors in 
2006 at the age of 52, and shortly thereafter established the Fascia 
Research Project at Ulm University. He's continuing his work on fascial 
contraction and has begun collaborating with Giulio Gabbiani, a preem- 
inent cell biologist at the University of Geneva in Switzerland. Now 
Schleip says that when he calls professors to discuss research projects, 
they call him back. DG. 


from the alternative therapists—and he 
found that he had something to teach them 


signed up for the meeting—along with 
51 M.D.s. Most of them took the podium, 
whereas the practitioners filled the seats. 

Clapping aside, many of the practitioners 
struggled with the science. Findley was 
adamant that the talks not be “watered down.” 
‘and intricate presentations on the first day 
pulled no punches. Celt biologists spoke 
about how fascial cells alter gene expression 
response to force, while biomechanics 
researchers detailed how interactions 
between fascial cells and the extracellular 
matrix contribute to whole body mobility. 
By the afternoon, the auditorium was notice- 
ably emptier, “My frontal lobe was tired.” 
say Briah Anson, a St. Paul, Minnesota 
based Roller. 

For their part, the scientists had some 
problems connecting with the clinicians, 
Huijing’s fears of stigma seemed to be bone 
out when he interacted with one group of 
attendees. “They started talking about aura,” 
he says. “I don’t want my name associated 
with that.” And Giulio Gabbiani, a cell biol- 
ogist at the University of Geneva in Switzer- 
land who studies connective tissue and 
wound healing, acknowledged difficulty 
discussing some concepts with the practi- 
tioners, “It like we were talking two differ- 
ent languages.” he says. 

All of this prompts Wallace Sampson to 
question whether putting the two camps 
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generated organically.” says the altemative- 
medicine skeptic and professor emeritus at 
Stanford University in Palo Alto, California. 
“You have to do the basic science and see what 
evolves, You can’t force the clinical side.” 

Partap Khalsa strongly disagrees. “It’s 
not only valid to bring these groups together, 
it's essential.” says the program officer with 
the U.S, National Institutes of Health (NIH) 
National Center for Comy entary and 
Alternative Medicine (NCCAM), which, 
along with organizations such as the Rolf 
Institute and the Evanston, Illinois—based 
Massage Therapy Foundation, provided 
funding for the meeting. “You need people 
who can do good basic science and clini- 
cians who can inform them about their expe- 
riences,” he says. “It’s the only way to 
advance the field.” 


Bridging the gap 

By the second day of the conference, things 
began to gel. A clinician-scientist panel fos- 
tered a dialogue between the two groups, 
and a networking lunch sparked new collab- 
orations. “I heard clinicians talking about 
how manipulating fascial stiffness was key 
to their interventions.” says UT Southwest- 
em’s Grinnell, Now he plans to study the cell 
biological basis of stiffness and how it might 
contribute to wound repair and scarring 
Huijing says he also learned new things 


as well. Establishing fascia research as 
legitimate field, he says, will guarantee that 
these interactions continue. 

Findley knows it won't be easy. First, 
he'll need to attract more scientists. Pub- 
lishing fascia research in top journals 
would help. He'll also need to cultivate a 
stable source of funding. Through the Rolf 
Institute, Findley has helped establish the 
Ida P. Rolf Research Foundation (named 
after the institute's founder), which is rais- 
ing funds in hopes of awarding $200,000 in 
grants per year in 2 to3 years. That’ still a 
pittance compared to the millions NIH e: 
provide, and NCCAM's Khalsa says he 
likes what he saw at the meeting. “There's a 
Jot of potential here.” he says. 

But Findley’s greatest chalfenge will be 
keeping everyone happy. Practitioners want 
10 see more of their own up on the podium, 
and scientists want assurances that every- 
thing will remain respectable. 

It's a tightrope Huijing looks forward to 
walking in 2009 when he puts together the 
next conference, to be held in Amsterdam, 
Huijing plans to give a larger spotlight to 
practitioners and to explore even more of the 
basic science. He’s adding days, and he’s 
reserved an auditorium for 1000 people— 
twice the size of the room at this yea 
event. “Thavea feeling it could be very bi 
he says. DAVID GRIMM 
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SOCIETY OF VERTEBRATE PALEONTOLOGY | 17-200CTOBER 2007 | AUSTIN, TEXAS 


Did Horny Young Dinosaurs Cause 
Illusion of Separate Species? 


fall the strange-headed dinosaurs, the prize 
for toughest, prickliest noggins probably 
belongs to the pachycephalosaurs—literally, 
the “thick-headed lizards.” Some sported 
domed skulls, and all had bony spikes studding 
their long snouts. Four species are known from 
roughly 65-million-year-old rocks in 
Wyoming, Montana, and South Dakota alone, 
It an impressive display of diversity for the 
‘waning days of the dinosaurs. 

Or maybe not, At the Society of Vertebrate 
Paleontology S annual meeting here last month, 
Jack Homer of Montana State Uni- 
versity (MSU) in Bozeman argued 
that three of the species are just 
‘one. What were thought to be two 
unique species, he says, are in 
fact juveniles of different ages 
that would have grown up to be 
bony-headed Pachvoephalosaurus.. 
“It's a dramatic remake,” says 
Peter Dodson of the University 
of Pennsylvania. 

The revision would remove 
two particularly colorful charac 
ters from the paleontological 
bestiary, and not everyone is con- 
vinced. Getting the taxonomy 
right has major implications, 
says David Evans of the Royal 
Ontario Museum in Toronto: “I's 
really important for understand- 
ing a whole range of evolution- 
ary phenomena.” 

First described in 1931, 
Pachycephalosaurus wyomin- 
.gensis has such a prodigious pate 
that paleontologists speculated 
males butted heads with each other, although 
many now doubt it (Science, 5 November 
2004, p. 962). In 1983, a related species 
made its debut. Siygimoloch spinifer 
(horned devil from the river of death") had 
asmaller dome but fearsome spikes, The 
newest addition was introduced last year: 
Dracorex hogwartsia has a flat head with 
telltale nasal horns, The dragon-king was 
named in honor of J. K, Rowling, whose 
Harry Potter novels feature the Hogwarts 
School of Witchcraft and Wizardry. 

Horner and colleagues—MSU doctoral 
student Holly Woodward and Mark Goodwin 


that changed 
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of the University of California, Berkeley— 
suspected that young dinosaurs might have 
been misidentified as adults. During previ- 
ous work on another pachycephalosaur, 
Stegaceras, they noticed that the bone of 
smaller specimens was full of radial 
canals, a spongelike texture that indicates 
rapidly growing bone and suggests that 
they were juveniles. 

The team cut open skulls of Pachy- 
cephalosaurus and found dense bone without 
canals, suggesting that the specimens were 


E pluribus unum. Three species of pachycephalosaurs may actually be just one 


drastically during adolescence. 


full-grown adults. Siygimoloch bone was full 
of canals. “This is not even close to being fll- 
grown.” Homer says. The spikes had a spongy 
texture and showed signs that the bone was 
being resorbed—suggesting it was a juvenile 
Pachycephalosaurus. 

There is only one specimen of Dracorex, 
housed in the Children’s Museum of Indi- 
anapolis, so Horner couldn’ cut it open to 
look at the tissue. Horner notes that little 
bumps on the top of the head of Drucorex 
resemble those that give rise to radial bone 
growth in Stygimoloch. Two large holes in the 
top of the skull are another characteristic of 


{juveniles that haven't finished growing. Given 
the lack of a dome and the shorter skull, 
Homer suspects that Dracorex is an even 
younger Pachycephalosaurus. He says the 
hypothesis could be falsified if researchers 
‘were to discover, say, a new skull of Dracorex 
that is as big as Puchycephalosaurus or that 
has mature bone, 

The argument makes sense to Robert 
Sullivan of the State Museum of Pennsylva- 
nia in Harrisburg, who co-authored a paper 
describing Dracorex published last year in 
the New Mexico Museum of Natural History 
and Science Bulletins. \n another talk at the 
meeting, Sullivan speculated that juvenile 
pachycephalosaurs in Asia may have been 
misidentified as new species. But another 
author, Robert Bakker of the Houston 
Museum of Natural Science in 
Texas, adamantly opposes lump- 
ing together the three North 
American species. “The di 
ences are [So] astonishing,” he 
says, that he can’t imagine that 
‘one could have grown into the 
other. Evans, on the other hand, 
says such big changes are possi- 
ble. “What dinosaurs teach us is 
that relative growth can be 
the skull,” 


‘What's needed are careful 
measurements of many speci- 
‘mens to see how shape changes 
with size, Evans says; this can 
help reveal whether various spec- 
imens all belong to a so-called 
growth series. If some features, 
such as the height of the dome, do 
not depend on size, it would sug- 
gest they rightly belong to diffe 
ent species. Because juvenil 
tend to start out with features of 
their evolutionary ancestors and 
modify them as they grow, it's important to 
distinguish juveniles from adults or family 
trees may get confused. That would give 
researchers a skewed picture of how various. 
pachycephalosaurs are related to one another 
and to more distant taxa. 

If Homer turns out to be right, the diversity 
of pachycephalosaurs would be 50% lower 
than previously thought for the latest Creta- 
cous. “It makes a lot more sense," he sa 
because other kinds of dinosaurs were also 
declining in diversity at the time. Not even an 
honorary degree in wizardry, it seems, was 
‘enough to save them. ERIK STOKSTAD 


i 
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Jaw Shows Platypus 
Goes Way Back 


When scientists first laid eyes on the duck- 
billed platypus and the echidnas in the late 
18th century, they were so baffled by these 
bizarre egg-laying mammals that some con- 


112 million years 
a monotreme,” Ti 


Inverloch, Australia, 
in 1997 and described 
by Thomas Rich of 
the Museum Victo- 
ria in Melbourne. 
Pat Vickers-Rich of 
Monash University, 
and colleagues. The 
specimens consist of 
jaws and teeth. 


sidered the specimens a hoax, Modern 
researchers have uncovered other imptausi- 
ble features, including 40,000 tiny glands in 
the broad bill that sense electric currents, 
which may help the platypus catch prey 
underwater, The ant-eating echidna has 
about 100 in its tiny snout. The platypus 
{ echidna are so unusual that they were 
assigned an order—the Monotremata 
separate from the more common marsupial 
‘and placental mammals, 

The fossil record of monotremes is also 
sparse. The oldest known specimen is a single 
tooth from Patagonia, about 62 million years 
old, with a distinctive compressed shape like 
that of juvenile platypuses before they lose 


Looking for more 
anatomical clues to 
the evolution of mam- 


Scans of thr 


Snapshots From the Meeting >> 


Hopping toward frogs. About 340 million years ago, amphibians began to 
evolve into an amazing array of naw-extinct forms. Some grew 3 meters 
ong; others developed armor. One of the most diverse groups, called the 
Dissorophoidea, also concocted some more familiar shapes that resemble 
modern amphibians. Jason Anderson of the University of Calgary in Canada 
described an unnamed fossil that strengthens the case that dissorophoids 
‘gave rise to frogs and salamanders. 

‘The 12-centimeter-long fossil was discovered in Texas in 1995. The 
nearly complete specimen is housed in the collections of the Smithsonian 
Institution's National Museum of Natural History. The skull looks froglike 
‘enough that the fossil was dubbed “Froggy,” and the number of bones in 
the digits are also frogtike. The short ribs and fused bones in the ankle are 
like those of salamanders. A classic dissorophoid called Amphibamus had 
21 vertebrae, the oldest fossil frog had 14 vertebrae, and Frogay fits in 
between with 17. Alltold, Anderson says, Froggy isthe closest fossil relative 
to frogs and salamanders. “It really neatly fills the gap, "says Rainer Schoch 
‘of Staatliches Museum flr Naturkunde in Stuttgart, Germany. 


their teeth. A reanalysis of fossil jaws 
from Australia, reported at the me 
gests it belonged toa platypus that lived atleast 


thy Rowe of the 
sity of Texas (UT), Austin, told the audience. 
Teinolophos trusteri was discove 


mals, Rich’s team took fossil jaws to Rowe,a Pi 
palcontologist who also runs a computed 
tomography-scanning facility at UT Austin. 
e specimens revealed a lary 


SFOCI 


Sensational. Ancestorsof the duck-billed platypus 
may have had the same electrosensory bill. 


internal canal along the entire length of the 
the canal in a modern platypus that 


glands in the bill to the brain. “There's no 
other mammal that has a canal this siz 
Rowe said. Even back in the early C 


electrosensation, “This is the most 
compelling evidence to us that 
Teinolophos is « platypus.” 

That would push back the fos- 
sil record of the platypus quite a bit; 
the next youngest fossil is Obdurodon 
dicksoni from 15-million-year-old rocks in 
Australia, Itis also much older than current 
estimates from DNA of when platypuses 
and echidnas diverged from their most 
recent common ancestor, Molecular clocks 
put that date somewhere between 17 million 
and 80 million 
ago. Rowe specu- 


ing, sug- 


really, really old for 


id nei 


lated that one reason 
for the underesti- 
mate may be that 
monotremes evolve 
at slower rates than 
other mammals do, 
idea that fits with 
their lower diversity 

Zhe-Xi Luo of the 
Camegie Museum of 
Natural History in 
sburgh, Pennsylvania, agrees that the canal 
in Teinolophos resembles that of a moder 
platypus: “I'm leaning toward accepting 
Rowe's idea “ERIK STOKSTAD 


Grand canal. The dark gray area in the CT scan 
(above) of a jaw marks the path of nerve fibers. 


Flight first. A stunning new fossil unveiled at the meeting suggests that 
bats evolved flight before they began to echolocate. "We're all excited 
about it,” says Nicholas Czaplewski of the Oklahoma Museum of Natural 
History in Norman. “There's a lot you can learn from a specimen that 
well preserved.” 

Inher presentation, Nancy Simmons of the American Museum of Nat- 
tural History in New York Gity described the 52-million-year-old bat, which 
‘ame from Green River Formation in Wyoming and is now housed in the 
Royal Ontario Museum in Toronto, Canada. "When we first saw it, we knew 
it was special,” she recalled. The bat has traits that make it the most primi- 
tive yet discovered. For example, there are claws on all five digits; modern 
bats have claws on at most two fingers of each hand. The claws could have 
made the bat a skilled climber. 

Long fingers, 2 keeled sternum, and other features suggest thatthe bat 
could flutter under its own power. probably couldn't fly as far or as fast as 
ther fossil bats, because of the stubby wings, but it would have been able 
to maneuver wel. The skull lacks the features of echolocation, such as an 
enlarged cochlea, found in modern bats. “It finally gives us an answer: 
Flying evolved first, echolocation second, ” Simmons said. £5. 
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POLICY FORUM | 


EDUCATION FORUM | PERSPECTIVES 


edited by Jennifer Sills 


Mixing It Up with Krill 


THE PERSPECTIVE “BIOMIXING OF THE OCEANS?” BY A. W. VISSER 
(11 May, p. 838) challenged the suggestion that dense swarms of ver- 
migrating krill could generate substantial mixing (/—3). Visser 
asserted that I- to 2-cm-long krill are too small to generate turbulence 
jes necded to mix water efficiently 

Our study of intense turbulence associated with vertically migrat- 
ing krill in Saanich Inlet (3) addresses Visser's objection. Both the 
range of length scales and the distribution of shear resembled those of 
shear-driven turbulence, and 
the density overturns we obse 
ved were consistent with our 
interpretation of turbulent mix- 
ing. Themeasurements showed 


scales much larger than individual krill. The presence of these established 
signatures of turbulent mixing suggests that mixing was occurring 

The mechanism by which swarms of small krill can create turbue 
lence with scales of I to 10 m remains a mystery. Krill swarms have 
very patchy distributions (5), so the mixing action may be manifested 
at the scale of the swarm patchiness (i.e., tens of meters) rather than 
that of an individual krill. The effect of krill may be analogous to 
large downdrafts that are generated by the collective drag of falling 


raindrops (6). 
It may well be that swimming marine organisms do not swarm or 
school densely enough in most ofthe ocean to excite substantial turbu- 


lent mixing. Regardless, the prim 
not hold up against our observations. 

.KUNZE,').F, DOWER, R. DEWEY, E.A.D‘ASARO® 
"schoo of farh and cea Sener, Univesity of Vicora Victor, BCVEW 3°, Canada 


‘objection raised by Visser does 


all the characteristics of ture 
lent mixing, including shear 
fluctuations on length scales 
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Response 
IN MY PERSPECTIVE (11 MAY, P. 838), | 
pointed out that even in well-developed, 
isotropic turbulence, mixing efficiency is not 
1 global constant. It depends critically on the 
length scale at which turbulent energy is 
imparted to the flow compared with the buoy- 
ancy length scale. In most physical oceano- 
graphic applications, this scale dependence 
goes unnoticed because these length scales 
are generally commensurate and mixing effi- 
ciency is near its maximum. This is not true 
for biomixing, and studies that ignore mixing 
efficiency (J-3) in all likelihood overstate the 
case for the biosphere’s role in mixing the 
world’s oceans 
In biomixing, turbulent kinetic energy 
to the drag and thrust of swimming animals is 
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imparted at the scale of individuals. Schools, 
swarms, and shoals of swimming animals 
may very well introduce larger-scale struc- 
tures to the flow, but there is no reason to sup- 
pose that the turbulent dissipation rate at these 
scales is identical to the rate at microscales. 
The idea that the larger-scale turbulent str 
tures induced by swimming animals “resemble 
or “are consistent with" oceanic turbulence is 
not a sufficient argument to prop up a global 
relationship between microscale dissipation 
rates and turbulent mixing. 


‘ANDRE W, VISSER 


Department of Marine Ecology and Aquaculture, Technical 
University of Denmark, Danish Institute for Fisheries 
Research, DK-2920 Charlottenlund, Denmark. 
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Estrogen and Tumors: 
For Better or for Worse? 


IN THER REPORT “GENDER DISPARITY IN LIVER 
o sex differences in MyD88- 
dependent IL-6 production” (6 uly p. 121), 
W. E. Naugler et al. clearly demonstrated 
the role of IL-6 in the development of hepa- 
tocellular carcinoma (HCC) in mice. In 
addition, a single estradiol injection in male 
mice reduced the acute phase response to a 
carcinogenic injection to levels observed in 
female mice, in terms of IL-6 production 
and liver cell damage. However. great cau- 
tion should be taken before concluding that 
estrogen-mimetic compounds could prevent 
progression to HCC in male patients with 
chronic liver disease 

First, it has been hypothesized that sex 
steroids are actually contributing to hepato- 
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carcinogenesis. Although not revealing a 
statistically significant effect, randomized 
trials with tamoxifen have aimed at blocking 
estrogen because male patients with chronic 
hepatitis present with a relatively hyper- 
estrogenic phenotype (1). 

Second, exogenous estrogen therapy by 
means of oral contraceptives in women is the 
‘major risk factor for the development of hepa- 
toceltular adenoma (HA) (2), benign liver 
‘tumor with malignant potential. In men, cases 
of HA after the chronic intake of exogenous 
steroid hormones have been reported (3). 

Thine, given that the development of HCC 
in men with hepatitis B or C viral infections or 
cirrhosis occurs after years of chronic inflam- 
‘mation, we imagine that chronic suppression of 
IL-6 levels by an estrogen mimetic in those 
patients would be necessary, and long-term 
estrogen treatment leads to an even greater risk 
of HA. In a cohort recently investigated at our 
institution, 94% of women with HA reported 
the use of oral contraceptives for a median 
duration of 15 years (4). Long-term estrogen. 
treatment in males may also contribute to the 
development of liver masses. Tumor induction, 
even if benign, would complicate the clinical 
management, as any solid tumor in a patient 
with a history of chronic liver disease should 
primarily be considered malignant and would, 
bbe an indication for surgical resection. 

DDIRK J, VAN DER WINDT, NIELS F.M. KOK, 

JAN IIZERMANS 

‘Department ot surgery, rasmus Universty Medial Center 
Rotterdam, Rotterdam 3015 CE, Netherlands. 
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Response 

THE CONTRIBUTIONS OF SEX STEROID DYS- 
regulation to the development of hepatocel- 
lular cancer (HCC) has been debated for 
decades, spawning several trials studying 
estrogen modulators (such as tamoxifen) in 
the treatment of HCC. None of the trials has 
convincingly shown any benefit of tamox- 
ifen in the treatment of HCC, as Van der 
Windt and colleagues note. Our study, how- 
ever, does not address the treatment of exis- 
tent HCC; it focuses instead on the factors 
that influence HCC incidence. 

We found that estrogen administration 
‘markedly diminished the inflammation and 
injury associated with a chemical carcino- 
gen, which translated much later into 
a decreased incidence of HCC in mice. 
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‘CORRECTIONS AND CLARIFICATIONS 


Letters: Response to ‘Shopping for explanations” by MM. Krasnow etal. (2 November, p. 745). The ist ie nthe fourth 
‘paragraph was incorrec, due to an editerial error. The line shoud have been, “Finally, only a weak commitment to egai- 


tarianism depends on claims of biological ident.” 


‘TECHNICAL COMMENT ABSTRACTS 


Comment on “Roadless Space of the Conterminous United States” 
Evan H. Girvetz, Jochen A. G. Jaeger, James H. Thorne 


Watts eta. Reports, 4 May 2007, p. 736) introduced a metic of landscape pattern called roadless volume (RV). However, as 
with most revious metrics, RV does notexplcitly address ecological processes, We demonstrate that RV can produce results 
Snconsistent wth the notion of landscape connectivity and contend that more ecologically relevant metrics ae avaiable. 


Fulltext at won sciencemag.orgkikontentfll3 18/58551240b 
Response To Comment on “Roadless Space of the Conterminous United States” 
Raymond D. Watts, Roger W. Compton, John H. McCammon, Carl L. Rich, Stewart M. Wright, 


Tom Owens, Douglas 5. Ouren 


Girvet et ob. cricize our work andthe valve ofthe roadess volume (RV) met, basing thelr arguments on the artfidal 
{imposition of wide habitat connectivity asthe contest. We counter that in our intended contexts, both practical and geo- 
raphic theoretical considerations make RV an appropriate measute of the space between rads, 


Ful text at wo. siecemag.orokqtcontentull3 18/5854/12 0c 


Furthermore, when we administered tamox- 
ifen prior to chemical injury, the injury was 
amplified rather than diminished, suggest- 
ing that tamoxifen, already known to be 
useless in the treatment of established 
HCC, is also unlikely to prevent the occur- 
rence of HCC. 

Although the malignant potential of 
hepatic adenomas is controversial (/), 
there is little question that these neoplasms 
are associated with prior oral contraceptive 
uuse in women (2). As Van der Windt et al, 
point out, the use of estrogen mimetics for 
prevention of HCC in clinically relevant 
situations (e.g... chronic liver inflammation 
such as that produced by hepatitis B or C 
infection) would be long-term and could 
lead to the development of adenomas. We 
agree that this would complicate the care 
of such patients, likely precluding the use 
of such a strategy. 

Another risk of an estrogen mimetic 
would be the feminizing side effects in 
extrahepatic tissues. This includes not only 
the breasts and testes but also the coagula- 
tion system, as estrogens predispose to 
thrombus formation. 

Our results suggest a possible alternative 
to estrogen-mimetic therapy. The mecha- 
nism by which estrogens diminish liver 
injury is through down-regulation of IL-6 
production, indicating that strategies to 
decrease IL-6 signaling in the setting of 
chronic liver inflammation may decrease 
HCC development. Down-modulation of the 
TL-6 signaling pathway may circumvent the 


problems of possible adenoma development 
and feminization inherent in long-term 
estrogen use, while still providing the bene- 
fit of decreasing HCC incidence in men, 

MICHAEL KARIN 
Laboratory of Gene Regulation and Signal Transduction, 
Department of Pharmacology and ance Cente, University 
of alien, San Diego, (A93093, USA 


References 
1. LC, Acts GDL 
2 WA Edmondson, 
‘Med, 294,470 (1976). 


338 (192), 
100, 8. Benton, M.Eng 


ual Reality and 
Telepresence 


IN THE 24 AUGUST ISSUE, TWO TEAMS OF 
cognitive neuroscientists used video-based 
immersive virtual realty systems to induce an 
“out-of-body” experience in healthy volun- 
ters (Brevia, H. H. Ehrsson, p, 1048: Reports, 
B.Lenggenhager et al, p. 1096). 

An important implication of this work, not 
fully discussed in the papers, isthe role of vir- 
tual reality (VR) in inducing these experi- 
ences. VR is usually presented as a collection 
of technological hardware, such as computers 
and head-mounted displays. However, as 
underlined by Steuer (/) more than 15 years 
ago, the core of VR is more experiential than 
technological; “virtual reality” can be defined 
asa simulated environment in which a per- 
ceiver experiences the feeling of presence by 
means of a communication medium, a phe- 
nomenon referred to as telepresence. 
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Using this definition, the outcome of the 
two studies is immediately clear: During the 
experiment, the subjects were no longer pres- 
ent in their real body but were instead in the 
synthetic body produced by VR. In short, the 
researchers used virtual reality to induce 
telepresence, But what is “presence,” and 
what is it for? 

One group of researchers describes the 
sense of presence as a function of our expe- 
rience of a given medium (2). The main 
result of this approach is the definition of 
presence as the perceptual illusion of non- 
mediation (2), produced by means of the dis- 
appearance of the medium from the con- 
scious attention of the subject. A second 
approach (3) based on principles of Em- 
bodied Cognition, defines presence as the 
nonmediated perception of successfully 
transforming an intention into action. 

better understanding of presence will be 
an important future goal for cognitive science. 
This is why the European Community has 
been funding, since 2002, the “Future and 
Emerging Technologies—Presence” research 
program (4). 

GIUSEPPE RIVA 


‘Applied Technology for Newro- Psychology, tuto Auxologio 
Italiano, Wilan 20245, aly 
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4 Tneration Society Technologies (wmcord ui 
techn) 
Response 
WE WELCOME RIVA’S DISCUSSION OF PRES- 
ence, virtual reality (VR), and their rele~ 
vance with respect to our experimental find- 
ings on bodily self-consciousness. We also 
recognize that there is currently no agree- 
ment on how to conceptualize and how to 
measure presence and related aspects such 
aas bodily self-consciousness, whether in 
the field of engineering, computer science, 
psychology, or physiology. 

It seems to us that Riva overinterprets our 
data to a certain extent. Unlike Ehrsson 
(Brevia, 24 August, p. 1048), we did not 
report that we induced full-blown out-of- 
body experiences. True, our participants 
identified with the virtual body and also 
experienced touch on the virtual body. They 
also mislocalized their own bodily selves as 
they drifted toward their virtual bodies and 
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thus to a position outside their bodily bor- 
ders. Yet, as we argued in our Report (24 
August, p. 1096), this should not be mis- 
taken for full-blown experiences of disem- 
bodiment that are typically reported during 
spontaneous out-of-body experiences. The 
responses in Ehrsson’s study differed from 
ours: The participants did not feel present 
in the virtual body, as argued by Riva, but 
felt located at a distance from their body. 
Thus, drawing parallels between the two 
studies and linking them to presence, VR, 
and bodily self-consciousness is perhaps 
not as simple as Riva states, Nevertheless, 
both studies show that experimental para- 
digms involving multisensory processing 
in combination with VR might turn out to 
be an important tool for studying bodily 
self-consciousness and presence. Experi- 
mental psychology and cognitive neuro- 
science will certainly help to define pres- 
ence and distinguish between different 
theoretical accounts. 

With respect to one such theory cited by 
Riva, our data demonstrate that presence (as 
quantified in our study by the measures of 
self-location and self-attribution) is not 
necessarily related to the “perception of 
successfully transforming an intention in 
action.” We did not modulate motor or inten- 
tional mechanisms experimentally and only 
modified multisensory bodily information. 
When investigating complex phenomena, 
such as human bodily self-consciousness or 
presence, we feel that it is methodologically 
important to isolate the simplest form of 
the target phenomenon (in our case, phe- 
nomenal selfhood). 

We agree that our participants felt some 
aspects of out-of-body experiences (/). 
Tackling issues of bodily self-consciousness 
and presence with different behavioral and 
neuroimaging techniques is timely, and we 
expect cognitive science and neuroscience to 
play a major part in this endeavor. 

BIGNA LENGGENHAGER?* 
TE)TADL THOMAS METZINGER?? 
OLAF BLANKE** 
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Seminar, Johannes Gutenberg-Universitat Mainz, 5S099 
‘Mainz, Germany, Frankfurt institute for Advanced Studies, 
Johann Wolfgang Goethe University, 60438 Frankfurt am 
Main, Germany. ‘Department of Neurology, University 
Hospital, 1214 Geneva, Sitzrland, 


Response 

1 DO NOT SHARE RIVA’S IDEA THAT THE 
concept of telepresence, as formulated in his 
Letter, will become a useful theoretical frame~ 
work in cognitive neuroscience. Presence 
research has been restricted to technologically 
oriented research departments, and the term 
has not been used in neuroscience (/). The 
concept of presence is a “feeling of being 
there” (in the simulated environment), which 
Jeads to the participant responding realistically 
to events and situations in the virtual environ= 
ment (1). However, there are many other 
broader definitions ranging over many poss 
ble media—from reading a book or using a 
mobile phone, to full immersive virtual realit 
‘Steuer (2) described how any technologically 
‘mediated communication involves a degree of 
tclepresence, including speaking to someone 
‘on the phone, listening to a live music record- 
ing. or playing videogame. For cognitive ne 
roscientists, this looser definition—together 
with the fact that this approach to presen 
lates to many different technological, p 
ceptual, and cognitive factors—becomes a 
serious limitation. Therefore, I think that itis 
unlikely that cognitive neuroscientists would 
find this type of vague definition of tele 
ence to be very useful in the design and inter- 
pretation of experiments investigating specific 
perceptual and cognitive processes. 

Indeed, presence research would benefit 
from working more closely with cognitive 
neuroscience to relate presence to psycholog- 
1 or physiological models of perception, 
action, spatial awareness, body self-represen- 
tation, and social interaction (3). This could 
lead to the engineering of the next-generation 
virtual reality applications in which the simu- 
lated sensory data fully replace the input from 
physical reality, and the fecling of being, 
acting, and interacting “as if you were there” 
becomes complete, 
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GENOMICS 


Adventurer in Genome Science 


Stephen Hilgartner 
or readers of Science, J. Craig Venter, 
F one of the most famous biologists alive 
today, needs no introduction. Owing to 
his scientific accomplishments and penchant 
for inspiring debate, Venter’s name has repeat- 
edly graced both the news and the technical 
sections of this journal, Much of his notoriety 
stems from his starring role in the acrimo- 
nious race between the publicly funded 
Human Genome Project and Celera, a private 
company founded to sequence the human 
enome before the public project could. 
Moreover, some of Venter's most notable 
publications—including the 1991 paper on 
expressed sequence tags (ESTs) (), the 1995 
paper describing the first complete genome 
sequence ofa free-living organism (2), and the 
2001 paper announcing Celera's version of the 
Jhuman sequence (3)—appeared here. Among 
scientists and more broadly, Venter is as con- 
troversial as he is famous. Observers have cast 
him as a brilliant maverick, an opportunistic 
egomaniac, and a badass (a term usually 
‘meant as a compliment), With his countless 
admirers and crties, he is probably the closest 
thing biology has to a Hollywood celebrity. 
The conflicting characterizations of Venter 
make it likely that his autobiography, 4 Life 
Decoded: My Genome: My Lif 
will attract a broad audience of 
scientists and science watchers. 
In addition, the launch of the 
book has been cleverly stage 
managed. A few weeks prior to 
its release, the J. Craig Venter 
Institute announced the publica 
tion of the first true diploid 
genome ofa single individual— 
the sequence of all 46 chromo- 
somes from Venter himself (4). 
(Early assessments suggest that the data are of 
the highest quality.) Not only does the coinci- 
dent timing enhance the newsworthiness of A 
Life Decoded. but the book also draws on the 
sequence to claim a literary innovation: in 
‘Venter's words, itis “the first biography to ben- 
efit from having six billion base pairs of the 
author's genetic code asan essential appendix.” 
‘Throughout the text, Venter splices fragments 
of genetic information into his story. speculat- 
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ALife Decoded 


by J. Craig Venter 


VIEINITIE 


DH RDO 


ing about how his genome may have shaped 
his life, The effort is preliminary (if not 
gimmicky), and Venter acknowledges that 
genetic insights shed “only a weak light on 
my destiny.” Nonetheless, the book raises 
the question of how future writers will use 
genome data to produce what one might call 
molecular biographies. 

A Life Decoded can be decrypted into sev- 
eral messages. On one level, it offers a window 
into the life and mind of a scientist who, how- 
ever one perceives him, has indisputably 
become an extraoninary figure. On another, 
the book can be read as a fresh 
salvo in the ongoing battle 
between Venter and his critics, 
and no doubt many genomics 
insiders will quickly flip to the 
index to team what Venter has 
sstid about whom. But the most 
interesting interpretations will 
view the book as being about 
something bigger than Venter 
himself, A Life Decoded canbe 
treated as an account that, like 
«a sociological tracing agent, charts a course 
through the world of genomics, highlighting 
structural features and tensions. 

Born in 1946, Venter grew up in a military 
family outside San Francisco and served as a 
‘medic in Vietnam. A fier completing a Ph.D. at 
the University of California, San Diego, in 
1975, he began his career as an independent 
scientist at the State University of New York at 
Buffalo. His work on adrenaline receptors 
landed him a research post at the National 
Institutes of Health (NIH) in 1984. He 
acquired his first DNA sequencing machine 
in February 1987 and within a few years had 
shifted completely into the field of genome 
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research, where he quickly becamean increas 
ingly important player. In 1990, his laboratory 
launched a sequencing strategy that soon had 
itcranking out large numbers of ESTs—a suc- 
ccess that entangled him in an international 
controversy about genome patents. In 199: 
with backing from venture capital, Venter left 
NIH to found The Institute for Genomic 
Research (TIGR), a nonprofit organization 
tied tothe company Human Genome Sciences 
(HGS)—which enjoyed rights to exploit com- 
‘mercially TIGR's discoveries. 

ACTIGR, Venter achieved some notable 
scientific successes, securing his stature in the 
field. But ongoing tensions with HGS, which 
sought more control over the publication and. 
patenting of TIGR data than Venter wanted to 
yield, led him to negotiate a split in June 1997, 
Shorily thereafter, he took part ina series of 

pr discussions with Applied Biosystems and 
its parent company, Perkin-Elmer, that ulti- 
‘mately led to the 1998 founding of Celera, 
‘The ensuing race between Celera and the pub- 
lic project was temporarily declared a draw in 
June 2000, when a ceremony featuring 
President Bill Clinton and British Prime 
Minister Tony Blair celebrated the completion 
of the “first draft” of the human sequence. 
Celera fired Venter in 2001 during a period 
that coincided with a move to shif itsbusiness 
model away from selling access to genome 
data, much of which was by then available 
from the public project for free. 

Since leaving Celera, Venter has been 
busy. He embarked on a project to sequence 
seawater in order to identify hitherto-unknown 
‘microorganisms; began a research program in 
synthetic biology; menged TIGR and several 
‘ther organizations to form the J. Cra 
Institute, a nonprofit with some $00 sc 
and staff; and launched a new company called 
Synthetic Genomics. Meanwhile, the public 
project announced the completion of the 
‘human sequence in 2003; many see it as the 
winner of the competition, a characterization 
that Venter and some of his fans dispute. 

A Life Decoded depicts Venter as a rugged 
individualist and passionate lover of the 
‘ocean, happiest when sailing on the open 
\aters of the high seas or conducting science 
‘unencumbered by institutional constraints or 
conventional wisdom, Whether racing toward. 
anew scientific “First” or speeding toward 
victory in a transatlantic yacht race, Venter 
also fashions himselfas a man who thrives on 
‘competition. He narrateshis scientific life as a 
‘course that tacks between an exhilarating voy- 
age of discovery and an intense struggle 
against narrow-minded, territorial people 
and rigid institutions. For example, the chap- 
ter “Scientific Heaven, Bureaucratic Hell” 
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Hispaniola. A Photographic Journey Through Island 
Biodiversity, Biodiversidad a Través de un Recorrido 
Fotografico. Eladio Fernandez, Ed. Translated into 
Spanish by Irina Ferreras and Gustavo A. Romero- 
Gonzalez. Harvard University Press, Cambridge, 
MA, 2007. 394 pp. $60, £38.95, €55.30. ISBN 
9780674026285. 

Haiti and the Dominican Republic share the second 
largest standin the Caribbean. Hispaniola includes the 
region's lowest and highest points: the hypersaline 
ago Enriquillo, 40 m below ea level, and Pico Duarte, 
3087 m. Thiswide altitudinal range and the island's 40 
million-year history have fostered the Caribbean's 
greatest variety of habitat types and a diverse insular 
flora and fauna, Despite the impacts of an accelerated 
degradation of natural resources, pollution, and the 
rapidly expanding human population, Hispaniola 
retains a number of wild places. Fernandez, a Dominican-based conserva~ 
tionist and photographer, takes the reader ona circuit of protected areas and 
biodiversity hotspots. His images include dramatic landscapes (such as 
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‘animals, plants, and fungi. Researchers provide introductory essays (in 
Spanish and English) on the island's birds, mammals, amphibians, reptiles, 
insects, vegetation, and the “woefully understudied” macrofungi. In his fore= 


Parque Nacional Lago Enriquillo, above), closer views of habitats (from 
mountain forests to estuaries and coastal mangroves), and field portraits of 


‘word, Edward O. Wilson notes both the beauty and vulnerability ofthis 
biota and hopes that more will be done to saveit. 


nd 


recounts his experiences at NIH, contrasting 
the feverishexcitement of knowing his labora 
tory was'"going to turn biology upside down 
with depressing encounters with the“one-size- 
I mentality that plagues any bureau- 
racy” and peer reviewers who “seemed to be 
united by one purpose: to stop anyone else 
from getting any money before they did. 
plies this basic narrative to his expe 
sina range of institutional environ- 
‘ments, using it to frame his struggle with the 
head of HGS, to attack the public genome 
project as dogmatic, and to describe his bosses 
during his falling out with Celera. 
Like many autobiographers, Venter uses 
Life Decoded to aggressively present his ver- 
sion of events, He perceives himself as having 
been misunderstood and unfairly demonized 
by his critics in the research community, and 
1g he seeks to correct the record, justify some of 
# his decisions, and settle some old scores. Not 
i surprisingly, he is particularly concerned with 


revisiting the conflict between Celera and the 
public genome project, which featured a com- 
plex tangle of intertwined issues involving 
4 intellectual property, data access, sequencing 
methods, and scientific priority—not to men- 
3 tion mutual distrust. His account, although 
§ rich with details from backstage maneuvers, is 
i clearly a continuation ofthe debate rather than 
an analysis of it. Readers who seck a fuller 
‘9 understanding of the controversies Venter 
3 describes will want to compare A Life 
§ Decoded with additional perspectives drawn 
8 from other books on the genome project, 
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including works by Robert Cook-Deegan (5) 
and John Sulston and Georgina Ferry (6). 

A Life Decoded is most revealing when 
read not asa portrait of aman butasan account 
of the environment in which genome research 
is taking place. Venter’s story includes a 
goodly number of scientists, but they are 
joined by venture capitalists, business execu 
tives, corporate lawyers, government officials, 
Politicians, members of the intelligence 
‘community, publicists, and others. Moreover, 
hybrids—such as contractually mediated 
assemblages of nonprofit organizations 
and private companies—are abundant. Like 
‘Venter's career, genome science seems to be 
continually overflowing its institutional con- 
tainers, and managerial devices like five-year 
plans and business models often seem inca- 
pable of keeping pace with the accelerating 
speed of the action. If this image of the new 
biology is roughly accurate, then we can 
expectthis domain of sociotechnical change to 
remain more unruly than even its most icono- 
clastic individual participants 
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MOLECULAR BIOLOGY 


Manners, 
Good and Bad 


‘Sydney Brenner 


11 of us have received those scoring 
A guidelines from funding agencies 

that begin with outstanding; pro- 
ceed through excellent, very good, and 
good; and terminate (at least in Americ: 
with average. Absent are poor, bad, awful, 
and disgusting. I have always felt that only 
two categories are required: interesting and 
boring. Boring and being bored figure large 
in Jim Watson's new book Avoid Boring 
People, and the double meaning of the title 
make explicit by the insertion of a ghostly 
“other” on the dust jacket. 

T must confess that I had been sent parts 
of the book sometime ago, when its ttle was 
going to be Manners. Thus, when the new 
title was announced, I thought a good title 
fora review would be “Avoid boring books.” 
But after reading the book, 1 quickly 
changed my mind, It is interesting because it 
fills out the parts of Jim’s life missing from 
his previous books. 

I learned many things about Jim that 
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exploded several of my theories about him, 
For example, when Jim and1I were stopped by 
the police in Kansas in 1954, Jim expressed 
great irritation at being addressed as 
Mr, Dewey, his middle name. 1 always 
thought that this name stemmed from John 
Dewey, the philosopher, whose books occu- 
pied the top shelf of the large bookcase I had 
ma few days before in his father's study in 
their home in Chicago. In fact, Dewey is a 
family name of Jim's grandmother, brought to 
America in the 17th century. There are also 
many other interesting connections of his 
family, including that Jim and Orson Welles 
are related. From the information given in the 
book, they could share as much as 6% of their 
_genomes—but we can definitely exclude that 
they have the same ¥ chromosome, 

The early chapters of the book take us 
through Jim's undergraduate education at the 
University of Chicago, his graduate work in 
Bloomington, his encounter with the phage 
group, and the influences of Max Delbrtick and 


Watson in 1962. That year he “got a Nobel Prize but no 
raise from Harvard.” 


Salva Luria on his intellectual development, 
‘After a somewhat hilarious first postdoc with 
Herman Kalckar in Copenhagen, he arrives in 
Cambridge in 1951, and we are soon back in 
the familiar country of The Double Helix (1), 
with a detailed history of the discovery. 

The remainder of the book deals with 
Jim’s years at Harvard, which he joined as an 
untenured professor in 1956, 3 years afier 
making the discovery of the century. He 
resigned in 1976, when he found that combin- 
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ing his Harvard duties with the directorship 
of Cold Spring Harbor Laboratory (which he 
had taken up in 1967) was proving difficult. 
At Harvard between writing The Molecular 
Biology of the Gene (2) and The Double 
Helix, Jim emerged as a leader in molecular 
biology, a great mentor of his 
students, and the force behind 
the appointments of many col- 
eagues who collectively made 
Harvard a leading center for 
the new molecular biology. 
Unlike Delbriick, who was 
nearly always wrong, Jim was 
nearly always right inhis scien- 
tific choices. And also unlike 
Delbriick (who could be ruth- 
lessly dismissive in his criti- 
cism and wounded many young 
people), Jim was constructive, 
even though some of his ideas 
could be eccentric. Jim also 
knew what it was like to bea young person in 
competitive field of science. 

Jim gives an account of what he 
claims to be his prior discovery of mes- 
senger RNA. Although this is not the 
place for a discussion of this matter, 1 
was interested to learn that Leo Szilard 
\was not convinced by the experiment 
and that Jim then followed his advice to 
try to demonstrate messenger RNA in 
bacteria before publishing it. It was diffi- 
cult atthe time to change everybody's 
standard views, which is why Francois 
Jacob and I took enormous pains with 
the experiments we carried out. We 
withdrew our completed paper to wait 
for Jim's manuscript, which we assumed 
was ready but was delayed 4 months. 
Jim does not deny the delay but claims it 
irrelevant because he got there first 
However, the delay had certain conse- 
quences of which Iam sure he is aware. 

If Jim’s first autobiographical book 
(The Double Helix) isa story of success, 
his second, Genes, Girls and Gamow 
3), is one about failure. Init, Jim fails to 
solve the structure of RNA and is only a 
spectator in the quest for the genetic 
code. He also fails to get his girl; indeed, he 
fails to get any girl at all. Whereas Avoid 
Boring People, | think, is about fulfillment. 
Jim does get his girlas well as the Nobel Prize. 
He emerges a leader of the field of molecular 
biology. a great defender of basic research, 
and the source of much welcome encourage- 
‘ment for young scientists working at the fron- 
tiers of knowledge. The Human Genome 
Project, which Jim led in its early years, has 
had one bad—one might say, boring—con- 


Avoid Boring People 


sequence in generating factory science that I 
have called “low input, high throughput, no 
output” biology. Such biology is a theme 
addressed in the Epilogue, which discusses 
the demise of Larry Summers, the previous 
president of Harvard University. Summers 
‘was forced to resign aftermak- 
ing some ill-chosen remarks 
about genes and the academic 
skills of women. That, Jim 
serts, was his personal fault, 
bbuthe deserved to fail because 
of his contributions to the 
destruction of biological re~ 
search in Harvard, 

almost forgot to mention 
that each of the book's chap- 
ters is followed by a set of les 
sons and manners learned. 
The 108 “remembered | 
sons” are then provided again 
at the end of the book. [am 
afraid that most of them are boring. They are 
in no way “an indispensable guide to anyone 
plotting (note: not planning, or entertaining) a 
career in science." There are better lessons to 
be leamed from reading Avid Boring People 

Epilogue. While I wrote this review in a 
hospital bed, there flashed across the tele 
sion screen the news of Jims recent activities 
in London. ft was an uncanny replay of what 
had happened to Larry Summers, Jim made 
some remarks about genes and black people 
(he's done the women one before), and those 
raised an uproar. Branded as. racist, he had to 
bandon his lecture, and Cold Spring Harbor 
had to censure him and relieve him of his 
administrative duties. Manners are social 
codes that enable us to operate in society in 
acceptable ways. There are good manners and 
bad manners. But this and the Summers 
episode go much more deeply than the display 
of bad manners, for which one can always 
apologize. The Greeks had a word for it: 
hubris, the selfconfidence and arrogance that 
always leads to disastrous retribution. If 
Euripides were with us, he would have said 
“Whom the gods wish to destroy, they first 
‘expose to the public press” 
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Managing Evolving Fish Stocks 


Christian Jorgensen,"* Katja Enberg,'? Erin S. Dunlop" Robert Arfinghaus>* 


David S. Bouk 


2" Keith Brander’ Bruno Ernande*? Anna Gardmark,' Fiona Johnston? 


Shuichi Matsumura,’ Heidi Pardoe,*” Kristina Raab," Alexandra Silva, 


anwinian evolution is the driving 
D process of innovation and adaptation. 

across the world’s biota. Acting on 
top of natural selection, human-induced selec 
tion pressures can also cause rapid evolution, 
Sometimes such evolution has undesirable 
2e8, one example being the spread- 
ing resistance to antibiotics and pesticides, 
which causes suffering and billion-dollar 
losses annually (J), A comparable anthro- 
pogenic selection pressure originates from 
fishing, which has become the main source of 
‘mortality in many fish stocks, and may exceed 
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natural mortality by more than 400% (2), This 
has, however, been largely ignored, even 
though studies based on fisheries data and 
controlled experiments have provided strong 
empirical evidence for fisheries-induced evo- 
lution aver a range of species and regions (see 
table, page 1248), These evolutionary changes 
are unfolding on decadal time scales—much 
ster than previously thought. 

Life-history theory predicts that increased 
mortality generally favors evolution toward 
earlier sexual maturation at smaller size and 
elevated reproductive effort. Fishing that is 
selective with respect to size, maturity status, 
behavior, or morphology causes further evolu- 
tionary pressures (3). Evidence that harvest- 
ing can bring about genetic changes comes 
from breeding programs in aquaculture, 
which have shown heritable genetic variation 
in numerous traits (4), and from experiments 
showing harvest-induced evolution in just a 
few generations (table SI). Furthermore, 
analyses of fisheries data spanning a few 
decades have detected widespread changes in 
maturity schedules that are unlikely to be 
explained by environmental influences alone 
(table $2). Although alternative causal hypo- 
theses can be difficult to rule out, fisheries- 
induced evolution consistently arises as the 
‘most parsimonious explanation after environ- 
‘mental factors have been accounted for. The 


Evolutionary impact assessment is a framework 
for quantifying the effects of harvest-induced 
‘evolution on the utility generated by fish stocks, 


‘question is not whether such evolution will 
‘occur, but how fast fishing practices bring 
about evolutionary cha 
sequences will be 

Life-history traits are among the primary 
determinants of population dynamics, and 
their evolution has repercussions for stock 
biomass, demography, and economic yield 
(5,6). Fisheries-induced evolution may also 
be slow to reverse or even irreversible (5), 
with implications for meruitment and recov- 
ery (7). Consequently, predator-prey dynam- 
ics, competitive interactions, relative species 
abundances, and other ecological relation- 
ships will systematically change over time 
Current management reference points are 
thus moving targets: Stocks may gradually 
become less resilient or may be erroneously 
assessed as being within safe biological lim- 
its. Some evolutionary trait changes will 
even have the potential to cause nonlinear 
ecological transitions and other unexpected 
‘outcomes (4). Fisheries-induced evolution- 
ary changes are therefore pertinent beyond 
single-species management. 

An evolutionarily enlightened manage~ 
ment approach is needed (5, 6, 9). Alhough 


Moving targets. Fishing not only reduces the num- 
bro fish inthe sea, but also changes their heritable 
features. This may reduce the body size ofthe fish. 
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some fish stocks will be managed 
primarily to maximize sustainable 
yield, successful management of 
fisheries-induced evolution will 
generally benefit from the recogni- 
tion ofa broader range of ecological 


induced evolutio 
e and freshwater 


Evolutionary change St Madies change % 


rt ‘Maturation at lower age 6 wo By 
services generated by living aquatic 
resources (fig. S1). This perspective _ M@twation at smallersize 7 B 2-38) 
emphasizes that evolution underlies lower PMRN midpoint = S— 3449(3) 
ecology and influences economies. Reduced annual growth = & 6 15-30) 
An evolutionary perspective will, Increased fecundity = 1 sama 
therefore, (i) support the ecosystem to of genetic deity 3 Feeney 


approach to fisheries management 
(10-13) by considering how evolu- 
tion alters ecological relations and 
management reference points, 
(ii) comply with the precautionary 
approach (/4) by accounting for 
uncertainty and risk, and (iii) re- 
spect the Johannesburg summit’s 
commitment to the restoration of 
sustainable fisheries (/5). 

Environmental impact assess- 
‘ments are commonly used to evaluate the con- 
sequences of human activities for ecosystems 
and society. We propose evolutionary impact 
assessment (EvoIA) as a tool for the manage- 
ment of evolving resources, Conceptually, an 
EvoIA involves two major steps. The first 
relies on biological information and describes 
how human actions, such as fishing, lead to 
trait changes. The second step addresses how 
trait changes affect the stock's utility to soci- 
ety, Any definition of utility has to reflect 
management objectives andneeds to be devel- 
oped with stakeholder involvement. Evolut- 
ionary impact is then assessed as the change 
in utility of a stock as a result of fisheries- 
induced evolution, 

Economically valuable stocks typically 
have a long history of exploitation; for such 
stocks, a natural starting point to help priori- 
tize management efforts is a retrospective 
assessment of past evolutionary change [e.2. 
(16, 17)]. Given suitable fisheries data, new 
statistical techniques can assess the extent 
to which evolutionary changes may have 
occurred (/8). 

‘A more detailed understanding will typi- 
cally rely on evolutionary models. For exam- 
ple, Northeast Arctic cod was identified 
as being susceptible to large evolutionary 
changes in maturation, because offshore 
trawling, introduced in the 1920s, reversed 
earlier selection pressures (5). 

An EvolA goes astep further, linking evo- 
lution to an impact on utility. EvoIAs that look 
forward in time and compare altemative 
management options will have to rely on evo- 
lutionary models to provide quantitative 
predictions, In these prospective EvolAs, 
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Fisheries-induced evolution has been demonstrated in several 
species and studies, for some stocks (a) the magnitude of change 
ould also be quantified. Analyzed time series covered between 13 
and 125 years. PMRN, probabilistic maturation reaction norm (28), 
The documented evolutionary changes potentially affect fishery 
yield, recreational fishing experience, tourism revenue, trophic 
interactions, resilience to fishing, resence to environmental fluc 
tuations, and adaptability (eg. to climate change) Further details 
ate given in table $2 and fig. SL. 


projections of future utility depend not only 
con how fishing affects traits, but also on how 
trait changes alter ecological relations, which 
in turn affect utility (fig. $2). Empirical and 
theoretical studies have shown that many life- 
history traits are prone to rapid harvest- 
induced evolution. These traits are important 
because they influence a population's demog- 
raphy and harvestable biomass. However, life- 
history traits are also shaped by, and have 
implications for, density-dependence, trophic 
interactions, geographical distribution, migra- 
tion patterns, behavior, and sexual selection. 
Furthermore, the risk of adverse ecological 
consequences intensifies, because of nontin- 
car effects, as traits evolve further away from 
their historic distributions. Prospective EvolAs 
will thus rely on life-history models that, uli- 
‘mately, should address a broad range of mech- 
anisms and traits influenced by fishing (/9). 

‘A baseline for comparison is the continua- 
tion of a business-as-usunl scenario, with evo- 
lutionary and utility projections based on the 
current fishing regime, This allows the cost of 
inaction to be quantified for different time 
horizons. Further, utility can be calculated for 
alternative management scenarios. This iden- 
tifies management regimes that have the least 
negative, or even positive, effects on utility 
(fig. $2). Cumulative utility and its net present 
value will depend on the choice of time hori- 
zons and discounting rates (20). 

A central challenge to all EvoIAs is to 
define evolutionarily enlightened manage- 
ment objectives that can be translated into 
unified utility metrics integrating disparate 
social values. Pragmatically, such objectives 
are more likely to be implemented if they 


harmonize with the pressing short-term 
goals of traditional fisheries management 
(21). In the context of fisheries-induced evo- 
lution, utility metrics might include yield 
and its variability and sustainability, conser- 
vation of genetic and phenotypic diversity, 
the role of a harvested species in ecosystem 
functioning, and implications for recreat- 
ional fishing and tourism. The current state 
of each of these factors may be eroded either 
directly through fisheries-induced evolution 
or indirectly through the ecosystem-level 
implications of such evolution, 

Fisheries-induced evolution is likely to 
diminish yield and degrade ecological services 
within decades, having an impact on species, 
ccosystems, and societies. Evolutionary effects 
could magnify the ecological challenges 
that already threaten sustainable harvesting, 
‘Successful management, therefore, will require 
the ecological and evolutionary consequences 
of fishing 10 be evaluated and mitigated, 
Adopting Evol As will enable fisheries mana- 
gerstoriseto this challenge. 
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CELL BIOLOGY 


IP, Debut in Insulin Release 


Shinya Nagamatsu and Mica Ohara-Imaizumi 


is poised to release the hormone 

insulin when the concentration of 
blood glucose rises, causing muscle 
and liver cells to take up and store the 
nutrient as a future energy source. This 
release occurs in two phases: a rapid 
and transient first phase, followed by a 
sustained second phase (/-3). This 
biphasic response maintains blood glu- 
cose homeostasis by priming periph- 
eral tissues for glucose uptake and pre~ 
venting overinsulinization (and subse- 
quent hypoglycemia). Type 2 diabetes 
correlates with an aberration in this 
biphasic pattern, including ive 
Joss of the first-phase (4). So clarifying 
how biphasic insulin release occurs is 
essential to understanding the patho- 


[== individual, the pancreas 


genesis of this complex disease. On 
page 1299 of this issue, lies et al, (5) 


describe a new factor in pancreatic fy 
cells that controls the exocytosis 
(release) of insulin stonage granules. 
More than 30 years ago, a mathematical 
model described biphasic insulin secretion 
involving two compartments of limited insulin 
storage (6). More recently, a combination of 
capacitance measurements (an indicator of 
exocytosis) and electron microscopy of pan- 
creatic cells (2) suggested a model in which 
secretory granules containing insulin are 
divided into two distinct functional pools. In 
this case, areadily releasable pool constitutes a 
subset of granules that are “docked” at the 
plasma membrane, and can undergo exocyto- 
sis immediately when the cell is stimulated 
With a factor, such as ghicose (see the figure). 
A reserve pool of granules is located in the 
cytoplasm, and those granules are recruited to 
replenish the readily releasable poo! (7,8). The 
first phase of insulin release is largely attribut- 
able to fusion of previously docked granules 
from the readily releasable pool, as observed 
through imaging studies of live pancreatic B 
cells (9). These docked granules localize with 
syntaxin 1A, a membrane protein involved in 
the docking and fusion of granules in many 
secretory cell types, including neurons. During 
the second phase of insulin release, “new- 
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tvcntanc ce 


First phase 


Mechanism of glucose-induced insulin release. The inositol phos- 
phate IP, controls the rapid release phase of insulin from pancreatic 
‘ells, but its mechanism of action remains unclear. 


comer” granules, absent at the plasma mem- 
brane before cell stimulation, participate 
fusion (without syntaxin 1A association) 
(Z0). Thus, marked differences in the first and 
second phase of insulin release have been 
visually observed. 

Phosphorylated inositol compounds regu- 
{ate insulin release from pancreatic cells (/ 1) 
These compounds, which are ubiquitously 
expressed in mammalian cells include inositol 
14 Satrisphosphate (IP,), which regulates Ca? 
release from intracellular stores (Ca can trig- 
ger granule fusion) (/2) and is also a precursor 
to more highly phosphorylated inositol phos- 
phate molecules, such as inositol tetrakis-(IP,), 
pentakis- (IP.), and hexakis- (IP,) phosphates. 
IP, activates voltage-dependent L-type Ca® 
channels, exocytosis, and endocytosis (uptake 
of extracellular material) in pancreatic f cells 
(D. Additional phosphorylation of TP, pro- 
duces inositol pyrophosphates. diphosphoinos- 
itol pentakisphosphate (PP-IP., or IP.) and bis- 
(diphospho inositol tetrakisphosphate [(PP),- 
IP, of IP,]. Furthermore, inositol pyrophos 
phates have been linked to a wide range of bio- 
logical processes including vesicle trafficking, 
programmed cell death, DNA repair, telomere 
maintainance, and responses to stress (13). 
Notably, inositol pyrophosphates contain 
highly energetic pyrophosphate bonds, with a 
free energy of hydrolysis similar to that of 


‘An inositol compound determines the capacity 
of the pancreas to release insulin and may 
function similarly in other secretory cells, 


adenosine 5'-triphosphate (ATP) (13). 
Therefore, IP, can directly phosphory- 
late proteins in an ATP- and enzyme 
independent manner (14), Thus, it 
appears that inositol pyrophosphate 
have many potential actions, although 
the underlying molecular mechanisms 
and physiological targets are obscure 

A putative disruption of the gene 
that encodes inositol hexakisphos 
phate kinase 1 (IP6K1), the enzyme 
that produces IP, from IP., was identi: 
fied in a family with type 2 diabetes 
(although the association to the dis- 
ease in this case is not clear) (5). On 
the otherhand Illies ef al, show that an 
increase in IP, concentration in pi 
creatic fi cells increases the size of the 
readily releasable pool of insulin-con- 
taining granules, leading wo enhanced 
exocytosis. Because the readily re- 
leasable pool is essential for the first- 
phase of insulin release (7, 8, 10), andl 
a reduced size of this pool correlates with a 
decrease in first-phase insulin release (as seen 
in the diabetic Goto-Kakizaki rat model of 
human type 2 diabetes) (9), Ilies e¢ al, have 
addressed a key feature of impaired insulin 
release in diabetes. 

How does this ascribed rote for IP, fit into 
the overall sequence of steps that control 
insulin release? IP, could conceivably act at 
three points in exocytosis (see the figure): by 
accelerating the translocation of granules from 
the reserve pool to the plasma membrane, by 
enhancing the priming step, or by acting 
directly on the fusion process during exocyto- 
sis. IP, interacts with several proteins that con- 
tain pleckstrin homology domains. although 
the functions of these interactions are unclear 
(13), Hence, for example, IP, may interact 
with a pleckstrin homology domain-contain- 
ing protein called Ca®-dependent activator 
protein for secretion (/6) to activate the prim- 
ing step of docked insulin granules. In addi 
tion, IP, may bind to IP,-binding proteins such 
as C2-domain-containing proteins (17). 
Several proteins bearing C2 domains, such as 
protein kinase C, synaptotagmin, rabphilin, 
Doc2, RIM, and Mune!3, are thought to have 
roles in exocytosis (7, 18). The interaction of 
IP, with these proteins could increase the 
of the readily releasable pool. Alternatively 
IP, could phosphorylate other proteins that 
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control the size of this granule pool. Mlies etal 
do show that IP, has little effect on the second 
phase of insulin release, though this should be 
firmly established. 

‘The precise steps in insulin release that IP, 
controls, and the mechanisms, remain specula- 
tive, Nevertheless, the addition of this factor to 
our understanding of insulin secretion provides 
‘1 foundation for further studies. Moreover, 
because IP, is widely present in other cell ypes, 
itis likely to have physiological function in 
other secretory cell types. 
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CHEMISTRY 


Chemicals from Biomass 


David R. Dodds and Richard A. Gross 


cently, there has been a strong polit- 
R= and technical focus on using bio- 

ass to produce transportation fuels 
(1, 2), Much less attention has been given to 
biomass as a feedstock for organic chemi- 
cals. Replacement of petroleum-derived 
chemicals with those from biomass will play 
a key role in sustaining the growth of the 
chemical industry. 

Currently, ~13% of the crude oil 
consumed by the United States is 
used for nonfuel chemical produc- 
tion (3). Biomass-based processes 
that could replace crude oil hamess 
enzymatic methods, microbiology, 
and metabolic engineering to direct 
the transformation of sugars, lipids, 
and other biomass-derived mole- 
‘cules to the desired small molecules 
and polymers. 

The biological production of 
commodity chemicals has consid- 
erable history, Between 1945 and 
1950, 66% of the n-butanol and 10% of ace- 
tone in the United States were produced by 
fermentation of molasses and starch, Other 
‘commodity products produced by fermenta- 
tion in the first half ofthe 20th century include 
acetic acid citric acid, lactic acid, and itaconic 
acid (4). Increased prices of sugar feedstock 
and decreased prices of petrochemical feed- 
stock ended the fermentative production of 
these commodities. 

‘Now, the situation has reversed. A 2004 
report by the U.S. Department of Energy 
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(DOE) identified high-volume commodity 
chemicals that could be produced from bio- 
‘mass and can serve as starting materials for 
many chemical products via biological 
processes (5). A joint report by the DOE and 
the US. Department of Agriculture (6) con- 
cluded that US. agricultural and forest 
sources can renewably supply a billion tons 

per year of lignocellulosic 
mass. This amount of 
biomass would not satisfy 


‘obtained from biomass. 


US. fuel demands, but 
could theoretically replace 
petrochemical feedstocks 
for chemical production, 
Several commodity chemicals are already 
produced by fermentation, including glutamic 
acid (~1.7 billion kg/year worldwide), citric 
acid (~1.6 billion kg/year), and lysine (~850 
millionkg/year). 

In addition to these commodity chemicals, 
commodity polymers may also be produced 
using biologically produced monomers com- 
bined with classical chemical methods, as 
well as through biological polymerization 
methods, either with isolated enzymes or in 
actively growing cells. 

For example, lactic acid produced by fer 
mentation (7) can be converted chemically to 
methyl lactate, lactide, and polylactic acid 
(PLA). The latter polymer—commercially 
available under different trade names—is a 


New feedstocks forthe chemical industry. 
Ferulic acid, a precursor for numerous aro- 
matic chemicals used inthe chemical indus 
try, can be extracted from corn fiber, Many 
‘other important precursors can also be 


‘Many chemicals used by the chemical industry 
can be derived from biomass, potentially 
‘reducing the industry's reliance on petroleum, 


fully biodegradable replacement for polyethyl- 
‘ene terephthalates (PETs) (8), Efforts are also 
under way to develop efficient processes for 
converting biologically produced lactic and 
hydroxypropionic acids to methacrylic and 
acrylic acids, respectively, both major com 
modity monomers consumed at ~1.6 billion 
kw'year worldwide. 

‘Another well-known example is work by 
scientists at Genencor and DuPont, who have 
developed a costeffective fermentative route 
to 1,3-propanediol (1,3PDO), 
the key building block in poly- 
(propyleneterephthalate) (PPT, 
Sorona 3GT), which is not readily 
available from petrochemical 
feedstocks (9). 

Immobilized enzyme cata 
lystshavealsobeen used to polym- 
erize bio-derived monomers. For example, by 
using a commercially available lipase cata- 
lyst, direct polycondensations can be p 
formed between sorbitol and/or glycerol with 
chemically or biologically produced diacids 
(U0). This method dramatically reduces reac- 
tion temperatures and energy consumption 
relative to chemical polymerization pro- 
cesses, while also controlling branching dur- 
ing polymerization. 

Fermentation by various microorganisms 
hhas been used to produce succinicacid(1/, 
which may potentially replace maleic anhy- 
dride, now produced from butane at ~1.8 bi 
lion kg/year worldwide. (Maleic anhydride is 
the starting material for various polymers and 
industrial solvents.) In another example of 
microorganism-based production, the shikimic 
acid pathway in Escherichia coli has been re- 
engincered to transform glucose to catechol 
and other aromatic alcohols (73); these indus- 
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trial chemicals are currently produced from 
benzene. Further manipulation of this meta- 
bolic pathway leads to cis,cis-muconic acid, 
which can be converted chemically to adipic 
acid. The latter is one of two components 
required to produce Nylon 6,6 (14). 

Polymers from biomass have also been 
produced completely within microbial cells. 
A notable example is the microbial synthesis 
of poly-3-hydroxyalkanoates (PHAs) (/5). 

Nor is fermentation a required action 
for the use of biomass-derived feedstock. 
Fischer-Tropsch chemistry has been run on 
pyrolysed biomass, and some commodity 
chemicals could be derived directly from bio- 
mass via conventional extraction methods 
For example, corn fiber contains a high per- 
centage of ferulic acid (see the figure), a flex- 
ible feedstock for various fine chemicals such 
as vanillin and guaicol, An estimated | billion 
kg/year of ferulic acid could be recovered 
from com fiber separated in current corn- 
milling operations (16). 

‘The rapid growth in the biodiesel industry, 
‘which uses chemical methodsto synthesize its 
product, has decreased the market price of 
slycerol; many biodiesel production facilities 
now view crude glycerol as waste. Chemical 
companies can use this glycerol as a low-cost 
chemical building block. Dow Chemical 
Company, Huntsman Corporation, Cargill, 
and Archer Daniels Midland Corporation 
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have begun, or announced plans, to chemi- 
cally convert glycerol to propylene glycol 
(17). Dow Chemical Company and Solvay 
plan to build plants that use glycerol to pro- 
duce epichlorohydrin (18). 

Other innovative chemical methods con- 
vert fatty acids to polymer building blocks. 
For example, Cargill, working with the 
Kansas Polymer Research Center, has devel- 
oped a bio-derived polyol (BiIOH) by the 
chemical conversion of triglyceride carbon- 
carbon double bonds to alcohol and methoxy 
groups. Polyols are important precursors to 
‘numerous polyurethane materials (19). 

Despite these achievements, the transition 
of industrial chemical production from petro- 
chemical to biomass feedstock faces real hur- 
dies. Biological processes do not require the 
high pressures and temperatures associated 
with most nonbiological chemical processes 
and thus have the potential to reduce costs. 
However, current processes for production of 
commodity chemicals have evolved through 
considerable investment to become highly 
efficient, often continuous, and well inte- 
grated. To be successful, new biological 
processes must rapidly approach similar lev- 
els of efficiency and productivity. Neverthe- 
less, economic opportunities, available tech- 
nologies, and environmental. imperatives 
make the use of biomass and biological meth- 
ods for industrial chemical production not 


Better Computing with Photons 


‘Timothy C, Ralph and Robert W. Boyd 


cinated by the ways in which light acts 

as a quantum particle (photon). For 
almost as long, they have also pursued 
schemes in which photons can be used as 
information carriers and processors. As they 
have done every 6 years since the 1960s, the 
quantum optics community gathered to hear 
the latest results at the CQO (Coherence and 
‘Quantum Optics) and ICQI (International 
Conference on Quantum Information) con- 
ferences held 11 to 15 June 2007 at the 
University of Rochester in Rochester, New 
York, USA (1, 2). This year’s meeting did not 
disappoint, with a number of exciting devel- 


F ‘or decades, researchers have been fas- 
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opments combining quantum optics with 
quantum information. 

Quantum optics (3-5) plays an important 
role in quantum information science (6-9) not 
only because light can manipulate matter with 
high precision, but also because the photon is 
so versatile as a quantum bit (qubit). The 
polarization of photons ina light beam acts as 
an ideal quantum mechanical two-level sys- 
tem that can be easily controlled and mea- 
sured. For example, we can assign logical bit 
values of 0 and 1 to horizontal and vertical 
polarizations, respectively. Diagonal and 
elliptical polarizations, which are superposi- 
tions of the vertical and horizontal potariza- 
tions, then represent qubit states. Photons are 
also robust; when they travel through free 
space, their polarization is stable. Optics 
therefore represents an ideal way to transmit 
quantum information over large distances. For 
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only feasible but highly attractive from multi- 
ple perspectives. 
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‘New findings in quantum optics reported at a 
fecent conference are stimulating advances in 
‘quantum computing. 


communication through an optical fiber, 
which tends not to preserve the polarization 
state, other variables such as timing or fre- 
‘quency can be used. 

Although photons have their quantum 
information virtues, they also have their vices, 
First, they are very difficult to store. Thus, 
although great communicators, photons are 
not very good as quantum information memo- 
ries. Second, itis difficult to make photons 
interact in the absence of matter, photons take 
little notice of each other. Yet such interactions 
are required for processing quantum informa- 
tion, and without them it will be impossible to 
build Large-scale quantum processors (also 
known as quantum computers). Third, and 
perhaps most important, high-quality single- 
photon states are difficult to produce on 
demand. The goal is to produce one and only 
one photon in successive identical pulses. 
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To achieve this, it is necessary to intro- 
duce matter, which can mediate inter- 
actions between photons and facilitate stor- 
age. Remarkable progress has been made in 
this domain, 

A long-held dream of the quantum optics 
community is to have single photons and sin- 
gle atoms strongly and efficiently interact 
with each other. This is the realm of cavity 
quantum electrodynamics (CQED). The idea 
is to have a single atom held in a very-hi 
quality optical cavity (that i, a storage dev 
with extremely low energy loss (see the 
ure)]. This ensures that the coupling between 
the field and the atom is so strong that the state 
of the single atom can completely change the 
dynamics of the cavity field. Conversely, the 
presence ofa single photon in the field can 
completely change the dynamics of the atom, 
Reaching this so-called strong coupling 
regime has proved technically challenging, 
bbut at the conference we learned about several 
‘major advancesinvolving both traditional sys- 
tems and entirely new approaches, 

The traditional approach to CQED is to 
drop or fire atoms through a cavity con- 
structed with mirrors of extremely high reflec- 
tivity. At optical frequencies it is now possible 
to trap a single atom in the cavity mode for 
seconds, as discussed by H. J. Kimble 
(Caltech). tn a further break with traditional 
techniques, Kimble and K. Vahala have now 
also managed to achieve strong coupling of 


‘toms to microtoroidal eavities. The promise 
of this technology is scalability, as many 


Quantum resonator. Two mirrored half-sections are opened to 
show the interior of a high-quality microwave cavity. Such storage 
chambers are used to control and study the interaction between 


single atoms and single photons. 
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microtoroids can be created on a single chip, 

‘Typically we think of atoms as the objects 
to be studied with photon probes. In certain 
cases, these usual roles are reversed. This was 
the case in the CQED experiments involving 
microwave photons reported by M. Brune and 
S. Haroche (Ecole Normale Supérieure, Paris) 
in which atoms are used to count the number 
of photons in a cavity mode. In a particularly 
spectacular result, they were able to observe 
quantum jumps between states consisting of 
up to seven photons, down to zero photons, 
contained in their microwave cavity. This pro- 
vides a new understanding of the boundary 
between quantum and classical phenomena 
and may be useful in manipulating quantum 
interactions among multiple atoms. 

The most radical departure from the tradi- 
tional approach 10 CQED came from R. 
Schoelkopf (Yale), who described forming 
high-quality microwave cavities from strip 
lines on chips and achieving strong coupling 
of the microwave photons to artificial atoms 
formed from superconducting Cooper pair 
boxes. This represents the first steps toward 
integrated, hybrid quantum optical solid- 


: tht storage is 
through the use of “slow-light” and "s 

light” methods. In these experiments, 
pulse at just the right freq 
‘matter so that the group velocity (the speed of 
the entire pulse) slows to a snail's pace. J 
Howell (Univ. of Rochester) reported an 
especially intriguing result in which an 
extremely weak image-bearing 
beam was slowed down by a 
factor of 30 in an atomic vapor 
and emerged intact, 

Arguably the most useful 
imeraction between light and 
atoms is currently afforded by 
trapped single ions, which can be 
controlled by electric fields. 
R. Blatt (Univ. of Innsbruck) 
showed us the rich landscape of 
interactions afforded by the cal- 
ccium-43 ion and the detailed con- 
trol possible through optical 
manipulations, incluking the re- 
cent demonstration of quantum 
byte—an 8-qubit entangled state 

Achieving efficient interac- 
tions between single ions and 
single photons remains chal- 
enging because of the technical 
problems involved in combining 
mirrors and charged particles. 
Nonetheless, C. Monroe (Univ 
of Michigan) showed us that 
even if only inefficient coupling 


is possible, some startling results can be 
achieved. In particular, by simultaneously 
‘measuring photons arising from the sponta- 
neous decay of two separate ions, his group 
was able to produce entanglement (i.¢., an 
intrinsic quantum link) between ions lying a 
meter apart 

The experimental ability to generate, dis- 
tribute, and use optical entanglement has 
sicadily been improving over recent years. At 
the meeting, we heard of various advances in 
this field from P. Kwiat (Univ. of Illinois), 
A. Furusawa (Univ. of Tokyo), and H.-A. 
Bachor (Australian National Univ.) In par- 
ticular, P, Kumar (Northwestern Univ.) 
described his group's optical fiber-based 
entanglement source, promising the possibil- 
ity of integration of quantum communication 
applications into standard telecom infrastruc 
ture. He presented results ona telecom-wave~ 
length quantum controlled-NOT gate, which 
is pethaps the essential logic device necessary 
to build a quantum computer: 

Quantum information seienee, and quan- 
tum computation in particular, took off in the 
mid-1990s with the discovery of two key 
algorithms: Shor’s algorithm for factoring 
primes, and Grover’s algorithm for quantum 
search ofa database, Two groups reported 
small-scale optical demonstrations of these 
algorithms. A. Zeilinger’s group (Univ. of 
Vienna) used an optical cluster state to 
demonstrate Grover’ quantum search. In 
addition, A. White's group (Univ. of Qu 
land) demonstrated a concatenated (and sim- 
plified) version of Shor's algorithm using a 
‘quantum circuit implementation, 

The results presented (/, 2) in Rochester 
this year show that these are exciting times in 
the fields of quantum optics and quantum 
information science, We can be assured that 
many new advances in these fields will be 
presented at the next gathering at Rochester 
in 6 years. 
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Signaling Across the 


Cell Membrane 


Rama Ranganathan 


ells contain a panoply of transmem- 
( brane receptor molecules that can ree~ 

ognize external signals and initiate 
intracellular signaling events. G protein-coupled 
receptors (GPCRs)—the largest and most 
diverse group of these receptors—occur in 
nearly every eukaryotic cell and can sense 
photons, cations, small molecules, peptides, 
‘and proteins( , 2), Understanding how GPCRs 
operate as therefore been a major goal in sig- 
naling research for more than two decades (3). 
‘Two research articles in this issue (4, 5) and a 
recent article in Nature (6) report important 
steps toward this goal, 

How can GPCRs recognize such a diver- 
sity of extracellular stimuli? How is informa- 
tion about ligand binding (or light absorption) 
ata site facing the outside of the cell trans- 
ferred to sites within the cell that mediate 
interaction with downstream signaling 
proteins? The structure of the inactive state 
of bovine rhodopsin (7)—a light-sensing 
GPCR—provided a critical initial step in 
addressing these questions. Together with 
functional studies, it led to basic models of 
GPCR action (8). However, it has been diffi- 
cult to solve structures of more typical GPCRs 
that bind to diffusible figands. 

In addition to the usual problems encoun- 
tered in producing membrane proteins suit- 
able for crystallization, many GPCRs have an 
inherent conformational plasticity (9, 10). 
Unlike thodopsin, which is tightly locked into 
‘in inactive state by its covalently bound lig- 
and, 11-cis-retinal, more typical GPCRs that 
are activated by diffusible molecules may as- 
sume an ensemble of different inactive and 
active states. This property could be physio- 
logically important, accounting for the ability 
of different ligands to elicit a range of biolog- 
ical responses from the sime GPCR by stabi- 
lizing different conformational states within 
these ensembles. 

Given all this, the high-resolution structure 
determination of an engineered B.-adrenergic 
receptor (B,AR), a canonical GPCR family 
member activated by diffusible ligands, repre- 
sents a spectacular advance (4-6). To minimize 
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Structural and functional studies shed light 
‘on how G protein-coupled receptors sense 
external stimuli, 


Similar yet different. Rhodopsin (Left) and the BAR (right) share overall structural features and a binding 
pocket for their cognate ligands, 11-is-retnal and carazolo, respectively (in yellow), ata site located deep within 
the transmembrane helices, However, the extracellular loops are distinctly structured, a result that may explain 
how difusible ligands gain access to the binding pocket in the BAR, 


conformational heterogeneity and maximize 
crystal contacts, the authors made several mod- 
ifications to the receptor that included cocrys- 
tallization with the ligand carazolol, removal of 
‘flexible C-terminal tal, and either binding of 
Fab fragment of a monoclonal antibody (1/) 
or insertion of a small globular protein (T4 
lysozyme, T4L) into the flexible third intra- 
cellular loop. Further key technical features 
included addition of cholesterol (known to sta- 
bilize B,AR) as a crystallization additive and 
the use of the lipidic cubic phase to facilitate 
crystal growth (12). The structure determina- 
tion itself was. tour de force of advanced tech- 
niques in crystal growth, screening, and 
diffraction. The current papers describe two 
structures of B,AR bound to carazolol—a 
lower-resolution complex with Fab (6) and a 
high-resolution chimera with TAL reported by 
Cherezov et al. [p. 1258, (4)]—and a detailed 
functional characterization of the B,AR-T4L 
protein by Rosenbaum eral [p. 1266, (5)] 
Although the structures are similar in over- 
all fold to rhodopsin—a roughly ellipsoid 
arrangement of seven membrane-spanning d1- 
helical segments surrounding the ligand bind- 
ing site (see the figure} there are several new 
findings. With regard to ligand binding. cara- 
zolol is located deep within the transmem- 
brane helices, ata site that is consistent with 
the retinal binding pocket, and some key inter- 
actions are consistent with findings in the 
thodopsin structure. For example, the inactive 
state of rhodopsin maintained by I I-cis-reti- 
nal is thought to be stabilized in part by direct 


conformational restriction of a conserved 
tryptophan side chain (13), The analogous. 
tryptophan in the B,AR is similarly restrained 
{although indirectly) by carazolol. This find- 
ing provides a structural basis for interpreting 
prior mutation studies, which showed that sig- 
nal propagation mechanisms are largely con- 
served in members of the GPCR family. 
However, the data also indicate variation 
that may permit specialized responses to spe- 
cific ligands. A helical structure in the second 
‘extracellular loop (ECL2) of ,AR-T4L makes. 
direct contact with earazolol. This feature isnot 
conserved in rhodopsin. Cherezov et al, and 
Rosenbaum ef al. suggest that the novel struc- 
ture in ECL2 and disorder in the N-terminal 
region of AR may provide a path for dif- 
fusible ligands to the binding pocket and con- 
tribute to ligand selectivity. Thus, although con- 
formational changes associated with GPCR 
activation might be conserved in the family, 
specific kinetic and thermodynamic details of 
ligand recognition might be specified through 
‘modular variation of extracellular loop regions. 
A particularly interesting feature is found 
in the intracelluar part ofthe B,AR structures, 
In the inactive state of rhodopsin, a network of 
‘hydrogen-bonding interactions links the cyto- 
plasmic end of helix IIT with a residue in helix 
‘Vin aso-called “ionic lock” (8).This interac 
tion is broken in both B,AR structures. This 
ionic lock-deficient state may represent stabi- 
lization of one molecular configuration in the 
inactive-state ensemble by carazolol, and may 
explain why this ligand only partially shutsoff 
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basal B,AR activity. In this view, the ionic- 
locked state of rhodopsin is an extreme case— 
a specialized. more fully inactivated state that 
provides for the remarkable level of silencing 
of receptor activity required to suppress noise 
in the dark-adapted state of photoreceptor 
neurons, Structure determination of addi- 
tional ligand-receptor complexes may help 
test the model of a conformationally hetero- 
gencous inactive-state ensemble in BAR. 
Rosenbaum etal. report a systematic func 
tional analysis of,AR bound to TAL toestab- 
lish its physiological relevance. The engi- 
neered receptor displays wild-type binding to 
antagonists and inverse agonists but increased 
affinity for agonists, profilesimilar to that of 
constitutively active mutants, Thus, although 
the receptor chimera is similar to the wild- 
type B,AR in many ways, this finding also 
illustrates potential complexities of working 


APPLIED PHYSICS 


with engineered proteins. In this regard, the 
functional characterization by Rosenbaum et 
‘al plays an important role in the interpretation 
ofthe atomic structure. 

A major next goal isa structure of the ago- 
nist-bound active state of the receptor, work 
that may require formation of a ternary com- 
plex with the cognate G protein or with the 
inhibitory protein arrestin, The modifications 
made in the B,AR-T4L complex preclude 
interaction with these target proteins, Thus, 
new strategies will be necessary that will 
require more ofthe kind of creativity and ded- 
ication that led to the present structures. This 
‘work would pave the way for a deeper mecha- 
nistic understanding of the GPCR family. 
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Filling the Terahertz Gap 


Reinhold Kleiner 


{ almost every frequency, we have 
A= methods to generate and detect 

electromagnetic radiation. One cru- 
cial exception is the low terahertz range, 
where despite intensive research there is a 
severe lack of devices such as oscillators and 
detectors, With better terahertz technology, 
researchers could develop new kinds of non- 
destructive imaging for materials testing and 
‘medical diagnosis, and carry out novel spec 
troscopic studies of materials and molecules. 
‘On page 1291 of this issue, Ozyuzer etal. (1) 
report an important step toward filling this 
“terahertz gap.” The authors detected rela- 
tively strong continuous-wave terahertz radia- 
tion emitted by devices made from a cuprate 
superconductor. In the future, such structures 
‘may serve as useful micrometer-sized tera- 
hertz devices, 

‘These devices, called Josephson junctions 
(formed by two superconducting electrodes 
separated by a thin nonsuperconducting bar- 
rier), generate current oscillations when a static 
voltage is applied between the electrodes, For 
‘example, Josephson tunnel junctions with nio- 
bium as the superconductor and aluminum 
‘oxide as the insulating barrier can generate radi- 
ation up to 600 Gitz(2). In thiscase, vortices of 
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magnetic flux moving along the junetion excite 
internal resonances (cavity modes). Although 
the operation frequency can be tuned only mox- 
‘rately on sucha resonance, there are many cay= 
ity modes, such that the device can be operated 
‘over a wide frequency range. 

Josephson tunnel junctions based on con- 
ventional superconductors like niobium are 
restricted to sub-terahertz operation, In addi- 
tion, the output power of a single Josephson 
junction is typically below 1 :W elose to the 
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‘Adevice made from a layered superconductor 
‘emits electromagnetic waves in a frequency 
range for which good radiation sources had 
been lacking. 


deviceand well below | nW farther away. One 
‘way to increase the power isto use coherently 
oscillating junction arrays. Just as a laser has 
increased brightness from coherent oscilla- 
tion, coherent Josephson arrays can emit 
much more powerful terahertz radiation, Such 
array’ have been intensively studied with both 
low-temperature and high-temperature super= 
conductors (3); however, it tured out to be 
hard to synchronize a large number of junc- 
tions at high frequencies. 

Recently, a different kind of device 
called the intrinsic Josephson junction 
(4, 5) has offered solutions to limi- 
tations on power and frequency. In- 
trinsic Josephson junctions form natu- 
rally between the superconducting 
CuO, layers in cuprate materials such 
as Bi,Sr,CaCu,O, (BSCCO), with the 


Working together. Sketch of intrinsic 
Josephson junctions in BSCCO, Blue layers 
indicate the superconducting sheets CuO, 
layers), and transparent layers in between 
‘are the insulating barriers. The crystal 
structure is superimposed on the diagram, 
The junctions forming the stack can be 
individually switched between the zero 
voltage state and the resistive state where 
the Josephson current oscillates. In the 
‘experiments by Ozyuzer et ai, strong TH2 
‘emission was found at voltages where hun- 
dreds of junctions were resistive. 
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BiO and SrO layers acting as the tunnel bar- 
rier. A single intrinsic Josephson junction in 
BSCCO hasa thickness of 1.5 nm.A device of 
approximately 1 jum thickness consists of a 
stack of about 670 of these junctions. The fig- 
ure shows a schematic diagram of the crystal 
structure superimposed on a drawing of the 
layered films. 

‘As with conventional Josephson tunnel 
junctions operating within a particular current 
range, each intrinsic junction is bistable, That 
is, the junction can either carry a zero-resist- 
ance current at zero de voltage or it can be in 
its esistive state, where the Josephson current 
oscillates, emitting terahertz radiation. At low 
temperatures with a BSCCO superconductor, 
the best intrinsic junctions may be capable of 


Having stacks of thousands of intrinsic 
junctions oscillating coherently offers fasci- 
nating possibilities. Ozyuzer ef al. were able 
to obtain coherent oscillation of many junc- 
tions by a method similar to the way a laser 
works, The boundaries of the whole structure 
define an electromagnetic cavity that acts to 
synchronize all of the individual intrinsic 
junetions, just as light bouncing between the 
mirtors of laser synchronizes all the atoms to 
emit coherently. In contrast to all but the earli- 
est previous experiments, Ozyweer etal. used 
comparatively huge stacks having lateral 
dimensions in the 100-m range. 

Unfortunately, if too many junctions are in 
the resistive state at the same time, the stack 
may heat to temperatures above the super- 
conducting transition, shutting down the 
Josephson oscillation. Ozyuzer et al. were 
able to control the heating problem so that in 
their measurements they could drive the 
whole I-jum stack resistive. By comparison, 
‘most experiments within the past decade have 
used structures with smaller lateral dimen- 
sions of a few jum or less and thicknesses cor- 
responding to only tens of intrinsic Josephson 
junctions. For such structures, the presence of 
the ac Josephson effect at TH: frequencieshas 
been confirmed with microwave irradiation 
up to 2.5 THz (6) and by measurement of 
microwave emission up to 0.5 THz (7). In the 
latter experiment, the emission was probably 
generated by a single intrinsic junction. 

In earlier work, cavity modes at 0.5 to 1 
‘THz have been excited in external magnetic 
fields by moving flux vortices (fluxons) (8). 
However, further analysis indicated that adja- 
cent junctions oscillated out of phase instead 
of coherently. Cavity modes at zero magnetic 
field have been excited and imaged under 
microwave irradiation (9). There was indica- 
tion for an in-phase oscillation, although the 
resonance frequency was below 0.3 THz. An 
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arrangement of two stacks of nearby intrinsic 
junctions, one acting asa fluxon oscillator and 
‘one as the detector, was studied in (10). 
Electromagnetic emission was detected in the 
range between 0,7 and 1 THz, with an esti- 
‘mated maximum power of about 15 nW. 

This list ofexperiments—which is far from 
complete—shows that that the ac Josephson 
effect at terahertz frequencies is present in 
intrinsic Josephson junction stacks. These 
experiments also showed how difficult itis to 
realize and then unambiguously identify high- 
frequency coherent emission. Ozyuzer ef al. 
measured electromagnetic radiation without 
an applied magnetic field at frequencies up to 
0.85 THz (by contrast, to excite cavity modes 
by moving fluxons one must apply a magnetic 
field in the testa range and orient it with 
high accuracy parallel to the layer structure). 
Analyzing the polarization of the detected 
electromagnetic radiation allowed the authors 
to clearly distinguish Josephson radiation from 
thermal radiation, and driving the whole stack 
resistive excited the fundamental in-phase cav- 
ity mode. The authors estimate that up to 20 
HW have been pumped into this resonance, 
which suggests the power level that might be 
achieved (the actual detected power was in the 
05 pW range). 
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In their experiments, Ozyuzer et al. have 
produced coherent radiation in a range of 
sample sizes that was abandoned by most 
researchers in the field a long time ago. Of 
‘course, many questions remain open, such as 
‘whether different cavity modes can be excited 
(to increase the accessible frequency range 
and tunability of a given sample), what their 
stability might be, and the precise mechanism 
of excitation. The experiment by Ozyuzer er 
al, will clearly stimulate the field, andinterest- 
ing results are sure to follow, possibly filling 
the terahertz gap. 
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Still Pondering an Age-Old Question 


‘Thomas Flatt and Daniel E.L. Promislow 


A theory of trade-offs to explain why we age has spurred 50 years of interdisciplinary research in 


evolution and molecular genetics. 


W: do we age? Exactly 50 years 
ago, the visionary evolutionary 
biologist George C. Williams pro- 
posed the “antagonistic pleiotropy” theory of 
aging—aging evolves because natural selec- 
tion favors genes that confer benefits early in 
life, even though those genes may prove detri- 
‘mental toan organism later in life (/). In other 
words, aging evolves as an inevitable conse- 
quence of trade-offs. Williams's landmark 
1937 paper offered a possible genetic expla- 
nation for why organisms experience a 
declinein physiological function with advane- 
ing age. His notion has inspired much of 
today’s integrative aging research—a conver- 
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gence of evolutionary, molecular, and genetic 
studies that has led to the discovery of numer- 
ous genes affecting aging, In light of the 
‘molecular and genetic insights that one could 
not possibly have known about 50 years ago, 
is antagonistic pleiotropy still a sufficient 
explanation for how aging has evolved? 
Prior to Williams, evolutionary biologists 
had already established that the force of selec- 
tion declines with age (2, 3), which could 
explain why aging evolved. Consider a delete- 
rious mutation, inherited through the germ 
line, which reduces the probability of survival 
in just one age class. Ifthe effects of that muta- 
tion are confined to some late age. individuals 
carrying the mutation will likely have already 
passed it on to their offspring by the time itis 
expressed, and natural selection will be rela- 
tively ineffective in eliminating it. By con- 
trast, a deleterious mutation that acts early in 
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life will quickly be eliminated by selection, 
because carriers will be less likely to survive 
and breed compared to those without the 
‘mutant gene. In 1952, Peter Medawar con- 
cluded that the accumulation of these late-act- 
ing deleterious genetic variants over time 
‘would lead to the evolution of aging (3). 

Building on Medawar's “mutation accu- 
mulation” theory, Williams suggested that 
selection might actually favor deleterious 
mutations if they have beneficial pleiotropic 
effects early in life, when the force of selection 
is strong Aging and its attendant symptoms, 
including cardiovascular disease, cancer, and 
diabetes, might thus be a mal- 
adaptive by-product of selec- 
tion for genetic variants that 
aid development, reproduc- 
tion, and survival during youth. 

Fifty years later, how much 
empirical support is there for 
Williams's idea? Numerous evo- 
lutionary genetic studies have 
found that trade-offs indeed 
exist, and that the evolution of 
increased longevity comes at 
the cost of reduced fecundity 
(4-7), For example, fruit flies 
(Drosophila melanogaster) sel- 
cted for late-lfe reproductive 
success are long-lived but lay 
relatively few eggs early in life, 
‘whereas flies bred for increased 
early reproduction evolve a 
shorter life span and reduced 
fecundity at old age (4, 5). 
Remarkably, even in humans, 
reproduction might shorten 
life span (8). 

‘The trade-offsthat Williams 
envisaged are common, but are 
they caused by antagonistic 
pleiotropic genes, as he postulated? Over the 
past 20 years, and in a nod back to Williams, 
molecular biologists have begun to unravel the 
complex genetics of aging in yeast, worms. 
flies, and mice, Although several studies con- 
firm Williams's prediction of trade-offs, only 
in a few cases can we point to specific genes 
that exhibit antagonistic pleiotropy (9. /0). For 
example, among 16 insulin-like receptor 
(daf-2) ‘mutant alleles in the nematode 
Caenorhabditis elegans, there is a striking 
negative correlation between fecundity and 
longevity (/1). Likewise, fruit flies with 
‘mutated insulin receptors live longer but have 
reduced reproduction (12). Flies also live 
longer if the gene for a heat shock protein, 
hsp70, is transgenically overexpressed, but 
this reduces egg hatchability (/3). However, 
for most mutations that increase life span, we 
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Why we age. In 1957, George C. 
Williams offered a compelting argu- 
‘ment for why we age: Negative effects 
‘onfitness late in ie are outweighed by 
positive elfecs on fitness early in ie, 


Snow litle about the fitness consequences (9, 10). 
So far, it seems that when we look care- 
fully, Williams's prediction often holds true, 
but not always. Many molecular genetic 
studies have challenged the antagonistic 
pleiotropy theory. Numerous mutants in flies 
and worms appear to enjoy increased life span 
without paying any obvious costs in terms of 
carly-life fitness (9). For example, certain 
mutants of the genes age-/ and daf-2 are long- 
lived, but have normal developmental rates, 
activity levels, and fertility (J/, 14). 
Moreover, impairing daf-2 function only in 
adults increases life span without reducing 
reproduction, whereas 

the absence of daf-? in 
pre-adult stages increases 
life span but decreases 
ferlty (15), Thus, be- 


‘on reproduction peed 
can be decoupled, this 
gene might affect both 
‘traits independently. These 


ly 
at odds with Williams's 
antagonistic pleiotropy 
theory—or are they? 

Whereas long-lived 
mutants may appear to 
gain a free and long-last- 
ing lunch under benign 
laboratory conditions, 
when these organisms 
‘come up against the cut- 
and-thrust of a competi- 
tive environment, the 
benefits of long life span 
are suddenly outweighed 
by carly-age costs. When 
long-lived age-/ mutants, 
are nutritionally stressed, 
they have lower fitness than wild-type worms 
(14), Similarly, when long-lived daf-2 mutants 
‘without apparent fitness costs are competed 
against wild-type animals, the mutants be- 
come extinct in four generations (16). 

Its still to0 early to tell how many of the 
genes that affect aging exhibit the sort of 
pleiotropic effects predicted by Williams's 
theory. Population genetic models, quantita- 
tive genetic data, and evolutionary selection 
experiments clearly suggest that antagonistic 
pleiotropy might be pervasive (4-7, 10). For 
the few genes and molecular pathways in 
‘which Williams's notion has been examined, 
the data are consistent with antagonistic 
pleiotropy (5, 10). But not all genes affecting 
aging will necessarily exhibit this phenome- 
non. First, the strong, laboratory-induced 
mutations studied by molecular geneticists 


might not have the same properties as weaker 
genetic variants found in real-world popula- 
tions subject to natural selection, Second, not 
all genes affecting aging are necessarily 
pleiotropic—ife span can also be affected by 
‘mutations that have no effect early in life, but 
detrimental effects at advanced age, as sug- 
gested by Medawar (3, 5, 7). 

Among scientists working on aging, 
Williams’ and Medawar's ideas continue to 
inspire questions at many levels, from mole- 
cules to entire populations, Molecular biolo- 
gists are trying to understand the mechanisms 
by which trade-offs work, and the physiologi- 
cal pathways that are central to these trade~ 
offs. At the same time, evolutionary biolo- 
gists are still asking whether variation within 
and among populations in the rates of aging is 
best accounted for by antagonistic pleiotropy 
‘or mutation accumulation. And at the broad- 
cst, phylogenetic level, we are still a long way 
from understanding why some species live 
for hundreds of years (tortoises), or even 
thousands (bristlecone pine), whereas others 
live for days or weeks. Perhaps our greatest 
challenge is to determine whether the genes 
that influence longevity in model organisms 
are evolutionary cousins of those that might 
have helped Jeanne Calment, the longest- 
lived human, to live to the age of 122 (17) 
Regandless of whether or not Williams's the- 
ory prevails for another 50 years, the notion 
of antagonistic pleiotropy has fucled a half 
century of inquiry, and Williams's ideas con- 
tinue to spark our curiosity. 
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Theory of Mind Is Independent 
of Episodic Memory 


R. Shayna Rosenbaum, Donald T. Stuss, Brian Levine, Endel Tulving 


's humans, we are intrigued by who we 

are and. how we differ from other erea- 

{ures of evolution. Among the capacities 
thought to be uniquely human are autonoetic con- 
sciousmess, the aspect of self-awareness that allows 
Us to imagine our own experiences in ferent 
places at ther times, and theory of mink! (ToM), 
Which allows us to infer other people's curent 
‘mental states, The idea that ToM is closely related 
to, and that it may depend on, episostic memory 
1nd autonoetic consciousness seems perfictly nat- 
tural; that in order to imagine and make sense of 
‘ther people’s thoughts, flings, intentions, and 
actions, we must rely on our autobiographical re- 
collections (/), The ability to consciously recollect 
past personal happanings has been shown to be 
necessary for imagining coherent and detailed 
personal happenings in the future (2, 3). Both 
episodic memory and ToM emerge close in time 
in ontogenetic development (4). The neural sub- 
strate on which the two abilities rely is in many 
‘ways strikingly similar (/), 

In order fo test the hypothesis that ToM re 
quires autonoetic consciousness, it is necessary 
‘o administer objective ToM tests t participants 
without autonoetic abilities, Such tests are 


ailable, but individuals without autonoctic con- 
sciousness are rare, Here, we describe the result 
of an investigation of the matter with the help of | 
two such rare participants, K. C. and M. L. 
‘who, as a result of severe traumatic brain injury 
(Big. $1), lost their ability to consciously re- 
collect personal happenings from their own lives 
(5, 6). In both, this loss stands in stark contrast 
(o their preserved ability to think of personal and 
public facts leamed before they suffered brain 
damage (table $1). Casual observations, espe- 
cially of K. Cs clear appreciation of humor and 
sarcasm (5), suggest that ToM does not require 
autonoetic consciousness, but in the absence of 
morcextensive, objective evidence the matter has 
remained unclear. 

A Variety ofthe most widely used tests known 
to be sensitive to perspectivesaking and ToM 
impairment (7) was administered to assess 
systematically the extent 10 which K. C., M. L, 
and 14 control participants can reason about 
other people's thoughts and feelings (8). K. C.'s 
and M. L.'s performance was indistinguishable 
from that of controls on all measures (Table 1). 

‘The curent findings are at variance with the 
‘da that the ability to simulate or reconstruct one’s 


Table 1. Performance of alt participants on theory of mind (Tom) tests (). Numbers in parentheses in 
left-hand column indicate maximum scores for each section. 


KC. ML Controls {mean (SD)] 


False belief 
First-order (20) wo 10 10 (0) 
Second-order (10) 1 10 8.79 (2.05) 
Foux pas 2 8 23(4.67) 
(0) 
Reading the mind in the eyes 2 OH 26.07 (3.77) 
36) 
Animations 
Random appropriateness (3) 30 3 2.68 (0.46) 
Random intentionality (5) o 0 0.48 (0.58) 
Goal-directed appropriateness (/3) 3 275 236 (0.4) 
Goal-directed intentionality U5) 2752s 2.64 (0.29) 
ToM appropriateness U3) 3 2s 22(05) 
Tol intentionality (5) 45 45 3.66 (0.7) 
Sarcasm and empathy 
First-order (12) Reon 11.24) 
Second-order (12) 2 2 10.86 (0.95) 
Visual perspective-taking/deception 
Transfer of inference /6) 6 6 5.93 (027) 
Deception (rst trial of five consecutive correct) 7 6 65 6.48) 
Emotional situations 
self V8) 7 8 7.64 (0.5) 
Other 8) 88 7.93 (0.27) 


www.sciencemag.org 


‘own past mental states is necessary to imagine 
the contents of other people's minds (J, 2). Both 
K. C. and M. L. suffer from severe difficulties in 
consciously (autonoetically) recollecting any 
‘events from any period of their lives. Yet they 
hhave no apparent difficulty in taking other 
persons’ perspectives and infering other peopk’s 
‘thoughts, feelings, and intentions, as revealed by 
the ToM teas. The findings imply that K. C. and 
M. L’s ToM ability may depend on semantic 
‘memory and general knowledge abilities that are 
largely preserved in both cases (5, 6). 

Cases such as those of K. C, and M. L, allow 
for the study of ToM in isolation of autonoetic 
consciousness, Because these cases are rare, the 
‘relevant literature on the topic is sparse. The only 
‘other related piece of evidence of which we are 
aware is report ofa participant with a large medial 
‘prefrontal lesion who nonetheless performed well 
‘on several of the ToM tests used here, However, 
the extent to which his autobiographical memory 
impairment reflects a tendency to confabulate is 
unclear (7), 

ur two cases donot shed any light on the 
extent to which fully functioning autonoetic abil- 
ity is necessary for the development of ToM, 
‘because both K.C. and M. L, may have acquired 
‘ToM ability premorbidly. Our findings do, how= 
ever allow the conclusion that an existing severe 
impairment of episoxlic memory and autonoetic 
consciouisness does not compromise the expres 
ssion of ToM abilities. The dissociation we report 
‘here is important both theoretically and practically, 
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High-Resolution Crystal Structure 
of an Engineered Human f.-Adrenergic 


G Protein—Coupled Receptor 


‘Vadim Cherezov, * Daniel M. Rosenbaum,?* Michael A. Hanson, 


Soren G. F. Rasmussen,” Foon Sun Thian,” Tong Sun Kobilka,” Hee-Jung Choi,”? 
Peter Kuhn,* William I. Weis,2> Brian K. Kobilka,?+ Raymond C. Stevens*t 


he largest family of integral 
Tes pris coded ty 

the human genome comprises 
G protein-coupled receptors (GPCRS), 
with almost 1000 members (/, 2). 
‘These receptors communicate signals 
‘across cell membranes in response 
oan astonishing variety of extracel- 
lular stimuli—tight, proteins, peptides, 
small molecules, hormones, and ions. 
Once activated, GPCRS trigger a case 
cade of responses inside the cell, pri- 
‘marily through interactions with their 
G protein partners, three-subunit reg- 
Uulators that are switched on and off 
by binding guanosine triphosphate 
(GTP) (thus accounting for their rame). 
In addition, these receptors have been 
found to activate other, G_protein-indepenclent, signaling pathways. 
Their combined effects yield an amazingly diverse network of signals 
that must be exquisitely coordinated to ensure proper cellular function 
BM. 

Although drugs that act on GPCRs command more than $0% of the 
curent market for human therapeutics, with annual revenucs in excess of 
40 billion, these drugs interact with only a fraction of the available re- 
ceptors. Because of the importance of this protein family, there is an 
ongoing search for new drugs that act on GPCRs and that combine potent 
efficacy with high specificity. OF particular interest are the class A. adrenes~ 
gic receptors that respond to the hormones adrenaline and noradrenaline. 
These are the targets of current cardiac and asthma drugs that often have 
Undesirable side effects. In addition, improved asthma dnugs are needed in 
developing countties where the population and pollution levels are rapidly 
rising, along with the incidence of asthma Structures of GPCRs can guide the 
development of more specific drugs and can be combined with traditional 
chemical screening methods to improve and accelerate drug discovery. 

For protein structures to effectively guide drug design, it is critically 
important to maximize the available detail, as low-resolution structures 
can be ambiguous at best and misleading at worst. However, it remains a 
formidable challenge to obtain high-resolution structural data for mem 
brane proteins. To accomplish this, we engineered the f-adrenergic re- 
ceptor to include lysozyme in place of one of the intracellular loops, which 
reduced conformational heterogeneity and ficilitated crystal nucleation 
[see (5)]. Crystals were grown in a cholesterol-doped fipidic cubic phase 
that stabilized the receptor in a more natural membrane-like environment. 
‘We used a robot to set up more than 15,000 trials to optimize crystal growth 
in the extremely viscous lipidic cubic mesophase. We then evaluated the 

size transparent crystals with a 10-pm x-ray beam. Our resulting 


-adrenergic 
receptor 
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Cholesterol 


Structure of the human fh-adrenergic receptor (blue) embedded in a lipid 
‘membrane and bound to a diffusible igand (green), with cholesterol and 
palmitic acid (orange) between the two receptor molecules. 


24 A crystal structure of the human 
Br-adrenergic receptor successfully 
[provides high-resolution deta 

‘The crystal structure ofthis impor 
‘tant human membrane receptor reveals 
‘the details of its interactions with a 
diffusible ligand (he partial inverse 
agonist ctrwvolol), In examining the 
stnicture, one can begin to appreciate 

the amazing structural plasticity of the 

GPCRs and how this allows them 10 

. recognize such a wide range of lig 

ands critical for function within the 

human body. The ligand-binding site 

‘of the Br-adrenergic receptor is located 

in a position similar to that of the 

covalently bound ligand of rhodopsi 

the lightabsorbing, G protein-coupled 

sccepor responsible for human vision, Key differences from rhodopsin are 

also observed, particularly in several of the kinked transmembrane helices 

and in the second extracellular loop, which in the Br-adrenergic receptor 

contains an unusual pair of disulfide bonds an an extra helix, This loop and, 

the absence of structure in the N-terminal region of the receptor may be 
important for ligand binding. 

Although this structure of a GPCR that recognizes a diffusible ligand 
furthers understanding of signal transduction and should facilitate the 
design of new drugs with fewer side effects, the structure alone cannot 
fully explain how ligand binding on the outside surface of a cell triggers 
internal signaling pathways. This will require characterization of how the 
receptor changes its conformation as itis activated. Follow-up structures 
fr receptors bound 10 other ligands will be required to understand the dif 
ferent conformational states and how they transduce signals. I is possible 
that the active state will only be understood when a structure is obtained for 
a GPCR-G protein signaling complex with an agonist bound to the re 
ceptor. In addition, structural and complementary biophysical techniques, 
(ce. nuclear magnetic resonance) will help to resolve other key biological 
questions, including the effects of homodimerization or heterodimerization. 
of the receptor, the nature of class B and C GPCR structures, and elucida- 
tion of cholesterol’s role in GPCR function, 
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Heterotrimeric guanine nucleotide-binding protein (G protein)coupled receptors constitute 
the largest family of eukaryotic signal transduction proteins that communicate across the 
membrane. We report the crystal structure of a human B-adrenergic receptor-14 lysozyme 
fusion protein bound to the partial inverse agonist carazolol at 2.4 angstrom resolution. 
‘The structure provides a high-resolution view of a human G protein-coupled receptor bound 
toa diffusible ligand. Ligand-binding site accessibility is enabled by the second 
extracellular loop, which is held out of the binding cavity by a pair of closely spaced 
disulfide bridges and a short helical segment within the loop. Cholesterol, a necessary 
component for crystallization, mediates an intriguing parallel association of receptor 
molecules in the crystal lattice. Although the location of carazolol in the B2-adrenergic 
receptor is very similar to that of retinal in rhodopsin, structural differences in the ligand- 
binding site and other regions highlight the challenges in using rhodopsin as a template 
model for this large receptor family. 


formation, In contrast, all other GPCRs are 


protein-coupled receptors (GPCRs) 
Gruss argest integral membrane 

protein family in the human genome, 
With almost 1000 members (/, 2). GPCRs are 
major contributors to the information flow 
into cells and, as such, are associated with 


activated by diffusible ligands and are ex- 
pressed at relatively low levels in native 
tissues. These receptors are structurally more 
flexible and equilibrate among multiple con- 
formational states, some of which are prone 10 


multitude of diseases that make members of 
this family important pharmacological targets 
(3-6). 

GPCRs have been grouped into fiv 


Table 1. Data collection and refinement statistics. 
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instability (22). Although the structure deter- 
‘mination of rhodopsin was important, many 
{questions remain conceming the conformation- 
al changes between different activation states 
for each receptor, as well as the structural 
differences among receptors that accommo- 
date the very large diversity of ligands. What 
structural features enable GPCRs to recog- 
nize and bind diffusible ligands? How struc- 
turally conserved are the class A GPCRs, and 
‘what is the importance of their similarities and 
differences? 

To address these questions, we modified 
the human B2AR to facilitate the growth of 
diffraction-quality crystals by inserting T4 
lysozyme (T4L) in place of the third intra- 
cellular loop (i2AR-TAL) and solved the three- 
dimensional crystal structure in the presence of 
4 partial inverse agonist, carazotol 2-propanol, 
1-911-carbarol-+-yloxy}3-{(I-methylethyDamino)) 
at 24 A resolution (23, 24), We provide a com- 
prchensive analysis of the erystal packing and 
intramolecular contacts between the BsAR and 


(2) on the basis of sequence conservation, with B2ARTAL 
class A being the largest and most studied, ‘Dota callection (APS GMVCA CAT 2310-B, 10-ym beam)* 
Class A receptors are further divided into Space group a 
groups associated with particular ligand spec- Cell dimensions 
ificity, such as the opsin, amine, peptide, 0, b, ¢ (A) 106.3, 169.2, 40.2 
cannabinoid, and olfactory receptors, The — B ¢) 105.62 
adrenergic receptors in the amine group are Number of reflections 245,571 
among the most thoroughly investigated class processed 
A GPCRs (7-12) and consist of (wo main Number of unique 26574 
subfamilies, a and , which differ in tissue reflections 
localization and tigand specificity as well as in Resolution (A) 50 to 2.4 (2.5 to 2.4) 
G protein coupling and downstream effector Rost 12.7 (67.8) 
mechanisms (/3), Genetic modifications of Mean Ifa) 9.6 (2.2) 
adrenergic receptors are associated with dis- Completeness (%) 99.5 (99.1) 
cases as diverse as asthma, hypertension, and Redundancy 9.4 (48) 
heart failure (14). B-Adrenergic receptors Refinement* 
(B:ARs) reside predominantly in smooth mus- Resolution (A) 20 to 2.4 (2.46 to 2.4) 
cle throughout the body, and AR agonists are Number of reflections (test set) 25,247 (1310) 
used in the treatment of asthma and preterm — Ryyi/ Reve 19.8 (27.0) /23.2 (30.1) 
labor (15-17). Number of atoms 3805 
Despite extensive efforts, structural infor- Protein 3544 
mation for only one member of the eukaryotic fons, lipids, igand, and other 23 
GPCR family, bovine thodopsin, isavailableto Water 48 
date (/8-2/). Rhodopsin is unusual in that itis Overall B values (A) 82 
highly abundant from natural sources and is BAR n 
structurally stabilized by the covalently bound —_T4 lysozyme 5 
ligand 11-cis-retinal, which maintains the Carazolol 55 
receptor in a dark-adapted, nonsignaling con- Lipid 100 
RSD ‘ 

‘Department of Molecular Biolagy, Scripps Research In- Band lengths (A) on 
Sore LNs CATO GA Depeeene et eed, Bond angles (7 4s 
and. Celular Physiology, Suniord Univesiy choot of Ramachandran plot statistics (6) (excluding Gly, Prok 
icy del AOS UR Timlin Hor eas me 

nfo, CF “ ‘Additionally allowed regions 5.0 

‘Departmert of 
Sct ech, 2007 Sk” Gener allowed eins a2 
Disallowed regions o 
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TAL to identify potential receptor-perturbing in- 
teractions, The overall receptor topology and the 
ligand-binding pocket are described, as are the 
‘main similarities and differences between fsAR- 
TAL and rhodopsin. 

Structure determination. The engineering, 
functional properties, expression, and purifi- 
cation of erystallization-grade BAR-TAL pro- 
tein are described fully in the companion 
paper (24, 25). Briefly, ByAR-TAL was ex- 
pressed in Sf insect cells, solubilized in 1% 
dodecylmaltoside, and purified by sequen- 
tial antibody and ligand affinity chromatog- 
raphy. Following the reported success with 
microbial shodopsins in lipidic cubic phase 
(LCP) (26), we were able to produce erystals 
of fAR-T4L that diffracted to a resolution of 
2.2 A with a modified LCP procedure, and we 
solved and refined the structure at 24 A 
resolution (27), Relative (o crystallization in 
detergents, LCP provides a more native, lipid 
environment for crystallization, as well as a 
confinement of protein molecules to two- 
dimensional membrane sheets that may facil- 
itate the crystallization process through the 
formation of type I packing interactions 
(28-30). tn agreement with prior biological 
evidence that cholesterol improves PAR 
stability (3/) and may mediate receptor- 
receptor interactions, erystals were grown 
from a cholesterol-doped monoolein cubic 
phase, An automated, nanovolume LCP erys- 
{allization protocol (32) substantially reduced 
the time and amount of protein required for 
the exhaustive, multidimensional optimization 
trials needed to arrive at these conditions. 
Crystals of ByAR-T4L were also obtained in 
lipid bicelles, but they did not diffract as well 
as those obtained in LCP (27). 

Diffraction data for B2AR-T4L were mea 
sured to a resolution of 2.4 A from a total of 
27 microcrystals (average size 30 ym by 15 jm 
by 5 jim) using a high-intensity, highly par- 
allel minibeam with a diameter of 10 jim at 
the GM/CA-CAT beamline of the Advanced 
Photon Source, Argonne National Laboratory 
(33). Phase information was obtained by mo- 
Ieccular replacement using both TAL (PDB 1D 
‘code 2LZM) and a polyalanine model of the 
transmembrane regions of rhodopsin (PDB 1D 
‘code 119) as search models. Additional crys- 
tallization, data collection, processing, and re- 
finement statistics are reported in Table 1 and 
discussed in (27), 

Overall receptor topology. The final 
model of B:AR-T4L includes 442 amino 
‘acids. The model also includes a palmitic acid 
covalently bound to Cys"! and an acetamide 
molecule bound to Cys265°7” (residues. are 
designated by their position within the ByAR 
sequence; where applicable, their Ballesteros- 
‘Weinstein designations appear as superscripts) 
(34, 33), as well as one carazolol molecule, 
three cholesterol molecules, two sulfate ions, 
and two butanediol molecules that interact 
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with BAR. There are also four sulfate ions, a 
putative disaccharide (modeled as maltose), 
and a molecule of polyethylene glycol 400 
bound t T4L. For BAR, excellent electron 
density was observed for residues 29 (0 342, 
including the ligand carazolol and the two 
disulfide be and 
Cyst84*7"-Cys190°. The palmitic acid at 
Cys" was clearly visible in Figy ~ Faye omit 
maps; however, the quality of the electron 
density was lower than for the rest of the 
receptor. The N terminus (residues 1 to 28) 
and the majority of the C terminus (residues 
343 to 365) were disordered and not visible in 
the structure. 


12 


. 
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‘The B2AR has a fold composed of seven 
transmembrane helices forming a helical bun- 
dle (Fig. 1A), The residues that make up the 
helices (Ito Vil) in BAR are as follows: helix 
9! to 60"; heli 


positions 267°? to 298°. and helix Vil, 
positions 3057 to 3287**, The residues 
forming the intracellular loops (ICLs) and 
extracellular loops (ECLs) of AR are as 
follows: ICLI, positions 61'*° 1 66”; 
ECLI, positions 97° to 102°*'; ICL2, 
positions 137°** to 146"; ECL2, positions 


Fig. 1. Overall fold of the BAR-TAL fusion wit 


orientation in the plasma membrane 


predicted 
and key intramolecular interactions. (A) Stereoview of the overall fold of (S,AR-TAL. The receptor and 
Tal are colored gray and green, respectively. Carazolol is shown in blue; the lipid molecules bound to 
the receptor are in yellow. (B) The receptor is aligned to a rhodopsin model that was positioned in a 
lipid membrane (boundaries indicated by horizontal black lines) as found in the Orientations of 
Proteins in Membranes database (74). T4L is fused internally into the third intracellular loop of AR 


and maintains minimal 


tramolecular packing interactions by tilting away from the receptor. (C) 


Specific intramolecular interactions between BoAR and T4L 
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17284 to 196°; ICL3, positions 230° to 
266°" (residues 231 to 262 are replaced by 
TAL residues 2 to 161); and ECL3, positions 
200°! to 30473!, Helices Il, V, VI, and VIL 
each have a profine-induced kink at conserved 
positions along the span of the transmembrane 
segments. These kinks are thought to enable the 
structural rearrangements required for activation 
of G protein effectors (36). In addition 1 the 
seven membrane-spanning helices, BAR has two 
‘other helical segments: helix VI, which is believed 
to be common (0 all rhodopsin-like GPCRs (37), 
and an unexpected, short helical segment in the 
middle of ECL2, which is not present in tho- 
dlopsin and was not predicted by computational 
secondary structure analysis (Fig. 1A). 

In the PAR-TAL construct, TAL is fused 
the truncated eytoplasmic ends of helices V and 
Vi. In the crystal structure, the TAL moiety is 
tilted slightly away from the center axis of BAR 
drawn normal to the membrane (Fig. 1B). AS a 
result, interactions between T4L and BAR are 


protein interaction 


minimal, with only 400 A* of surface area buried 
between them. The intramolecular contacts be- 
tween T4L and BAR include salt bridges 
between the side chains of T4L-Asp' and the 
side-chain amine of )AR-Lys227°™ (distance 
3.4 A) and between the guanidinium group of 
T4L-Arg* and the side-chain carboxyl of B2AR- 
Glu268"™ on helix VI (distance 3.2 A) (Fig. 1C 
and table S2). The latter interaction is note- 
worthy, because in rhodopsin Glu’ forms an 
ionic bond with Arg’ of the conserved Asp- 
(Gilu)-Arg-Tyr motif (18). This interaction is 
postulated to be important for maintaining 
rhodopsin in the inactive state, but the 

groups of the two residues [Angl31°=* (NHI) 
and Glu268" (OE1)] are 10 A apart in the 
BLAR-TAL structure. Possible functional impli- 
cations of this disruption are discussed in (24), 
The remainder of the lysazyme molecule pro- 
vides important crystal-packing interactions but 
does not appear to influence the receptor 


structure. 


Fig. 2. Crystal-packing interactions in the lipidic mesophase~crystallized B,AR-TAL. (A) There are 
four main contact areas, two of which are mediated by TAL in the plane of the membrane with 
itself through a two-fold symmetry axis and translation. The third interaction is normal to the 
membrane plane between T4L and lumen-exposed loops of fhaAR. The fourth interaction is 
generated by the two-fold symmetry axis, packing one receptor to another in the plane of the 
membrane. (B) The receptor crystal-packing interface is composed mainly of lipids, with two 
cholesterol molecules and two palmitic acid molecules forming the majority of the interactions. A 
network of ionic charge interactions exists on the cytoplasmic end of the interface, forming the 
only interreceptor protein contacts. (C) Comparison between B,AR-T4L and rhodopsin (PDB 1D 
code 2135) parallel receptor association interface. Helices | (blue) and Vili (magenta) are 
highlighted in both structures. Only one monomer is shown for each receptor representation, 
along with helices I” and Vill’ only from the opposing symmetry-related molecule. The rhodopsin 
interface is twisted relative to B.AR-TAL, resulting in a substantial offset from the parallel 
orientation required for a physiological dimer interface. ,AR-T4l—associated monomers are in a 


highly parallel orientation. 
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Crystal-packing interactions, The P2AR- 
TAL protein is packed in a C-centered mono- 
clinic Iatice with one molecule per asymmetric 
unit (Fig. 2A), As observed in all previous 
lipidic mesophase-grown crystals (38), the 
BsAR-T4L crystals adopt type 1 packing (39), 
featuring a multilayered arrangement in ac- 
cordance with a proposed crystallization mech- 
anism (28, 40), Within each layer, protein 
molecules form arrays of parallel, symmetry- 
related dimers. There are four distinct erystal- 
packing interactions within each layer, three 
of which are mediated by TAL, The fourth 
interaction in the array is between two receptor 
molecules related by a crystallographic 
fold rotation axis. This is the sole interaction 
between symmetry-related receptors and 
‘mediated primarily by ordered lipids con- 
sisting of six cholesterol and two palmitic 
acid molecules, the latter being covalently at- 
tached to Cys" in the C-terminal portion of 
the receptor (4/) (Fig. 2B). These eight lipid 
molecules form a two-fold symmetric sheet be= 
tween receptors, The only direct receptor 
receptor contact involves a 2.7 A pair of ionic 
interactions between the changed amine group of | 
Lys60'** in helix 1 and the carboxylate of 
Glu in helix: VIL from the symmetry-related 
receptor. Remarkably, of the $15 A* buried at 
the receplor symmetry intrfice, 73% of the 
crystal contact surfice area is mediated by 
‘ordered lipid, whereas only 27% is contributed 
bby protein-protein contacts, The stacking inter 
actions between layers are formed between TAL 
‘and extracellular loops ECL2 and ECL of the 
receptor (Fig. 2A), Because of the small size of 
ECL3 and the rigid architecture of ECL2, itis 
unlikely that these contacts affect the orienta 
tion of these loops. 

Lipid-mediated receptor association. 
Many GPCRs including B2AR are thought to 
exist as dimers in the plasma membrane, al 
‘though the location of the dimer interface and 
the functional importance of dimerization are 
not clear (42), The observation of ordered 
lipids in the helix I-helix VIII interface be- 
tween two symmetry-related molecules makes 
it tempting to speculate on the physiological 
relevance of this association (43-45), Asso- 
ciations between the equivalent regions of tho- 
dopsin have been found in crystal structures 
(21, 46) (Fig. 2C). On the other hand, studies 
in native membranes suggest that helix VI 
may form the dimer interface for the ByAR 
(47), and helix IV may form the dimer inter- 
face for the closely related D> dopamine re- 
ceptor (48). 

Although the role of cholesterol in pro- 
moting BAR association is speculative, its 
role in the physiologic function of BAR is well, 
documented. Depletion of cholesterol from 
the membranes of neonatal cardiac myocytes 
alters the signaling behavior of endogenous 
B2AR (49). In untreated cells, activation of 
B2AR results in sequential coupling to the G 
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proteins G, and G,, producing a biphasic ef- 
fect on myocyte contraction rate, Upon de- 
pletion of cholesterol, the B»AR couples more 
strongly to G,. This effect may be due to a 
role of cholesterol in regulating interactions 
between the BAR and G proteins, or possibly 
to the effect of cholesterol on BAR dimeriza- 
tion. The BAR couples efficiently to G, as a 
monomer (50), so itis possible that cholesterol- 
mediated association (dimerization) reduces 
the efficiency of B2AR coupling t0 G,. The 
effects of cholesterol depletion on BAR sig~ 
naling may also be a secondary effect of 
altering subcellular signaling compartments. 
‘There is evidence that cells may concentrate 
signaling molecules, such as GPCRs and their 
cognate G proteins, by way of membrane mi- 
crodomains or compartments such as caveotae 
(51), ‘This compartmentalization may be a 
major regulator of receptor-effector coupling. 
‘Thus, the importance of cholesterol in forming 
the observed crystallographic association is 
consistent with its role in BAR signaling. Ad- 
ditional experiments will be required 10 deter- 
mine whether the association of monomers 
observed in the crystal is relevant to ByAR 
packing within membrane microdomains 
Electrostatic charge distribution. Elec- 
trostatic charge distribution was calculated 
using the program APBS (52) and: mapped 
onto a molecular surface representation of 
BAR. The analysis reveals three polarized 
areas within the molecule (Fig. 3). First, the 
cytoplasmic face of the receptor is involved in 
G protein interaction and carries a net positive 
charge even in the absence of ICL3, which 
also has a predicted overall positive charge 
(Fig. 3B), The second site is an electro- 
statically negative region located within the 
membrane between helices Ill, IV, and V po- 
tentially exposed to the lipid alkyl chains, 
which is unexpected because the burial of 
‘charge within the plasma membrane is ther- 
modynamically unfavorable. A Glu residue at 
position 122'*! may partially account for the 
observed charge distribution. Finally, the 
binding-site cleft is negatively charged and 
exposed 9 solvent by an unusual ECL2 archi- 
tecture and a lack of N-terminal interactions. 
‘This negative charge may facilitate ligand 
binding through electrostatic funneling of 
positively charged catecholamines (Fig, 3B). 
Extracellular region. The ECLs and N 
temini of GPCRs, together with the extra- 
cellular halves of the transmembrane helices, 
are believed to define the ligand-binding site 
‘of each receptor (43). Therefore, the ECLs 
may play an important role in the overall 
pharmacology of any particular receptor. In 
general, small-molecule ligands are thought 
to bind deeper within the space created by 
the transmembrane domain helices, whereas 
larger ligands such as peptides bind closer to 
the membrane surface near the ECLs (53, 54). 
Mutagenesis studies suggest that the BAR 
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binds its ligand deep within the transmem- 
brane helix bundle, which may be related to 
the observation that the extracellular regions 
have a rather simple structure with short loops 
‘connecting transmembrane helices I and Itt 
with helices VI and VII (Fig. 4A), ECL2, 


hich links helices 1V and V, has a somewhat 
‘more extensive architecture that is unantici- 
pated. In contrast to the buried f-sheet struc- 
ture of this loop in rhodopsin (Fig. 4B), ECL2 
in B2AR is more exposed to the solvent and 
contains an extra helical segment. Additional- 


A 


ECL2. 


Fig. 3. Surface representation of BAR colored by calculated charge from red (~20 ksT/ed) to 
blue (+10 k,7/e,) using a dielectric constant of 70. (A) Three main areas of interest are 
indicated. The binding-site cleft is negatively charged, as is a groove between helices Il, IV, 
and V. The third region is an overall positive charge in the region of the ionic lock and Asp- 
AArg-Tyr motif on the cytoplasmic face. The overall result is a highly polarized molecule that 
may use its negative charge to facilitate binding of catecholamine ligands. The presence of a 
negative charge in the groove between helices ill, IV, and Vis unexpected, as itis in the middle 
of the lipid membrane. This charge may be partially derived from the presence of an unpaired 
glutamate at position 122°“. The effective charge in this region is likely greater than shown 
here because of its location in the low-dielectric environment of the lipid membrane. (B) View 
fotated 90° from (A), showing the negatively charged binding-site cleft (top) and the positively 
charged cytoplasmic face (bottom). Poisson-Boltzmann electrostatics were calculated using 
APBS (52) as implemented in PyMOL (75). PyMOL was used exclusively in the preparation of all 
figures. 


Fig. 4. Comparison of the extracellular sides of ,AR-TAL and rhodopsin. (A) The N terminus is 
missing from the experimental density in the AR-TAL structure and is not shown. ECL2 is shown 
in green and contains a short « helix and two disulfide bonds (yellow). The intraloop disulfide 
bond constrains the tip of ECL2, which interacts with ECL1. The second disulfide bond links ECL2 
with helix Ill. There is one interaction between ECL2 and carazolol (blue) through Phe193°*. 
The entire loop is held out of the ligand-binding site by a combination of the rigid helical 
segment and the two disulfide bonds. (B) In contrast, ECLZ (green) in thodopsin assumes a lower 
position in the structure that occludes direct access to the retinal-binding site and forms a small 
B sheet in combination with the N-terminal region (magenta) directly above the bound retinal 
(ink). 
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ly, there is an_intraloop disulfide bond be- 
tween Cysi84*7° and Cys190° that may 
help stabilize the more exposed ECL2. A 
second disulfide bond between CysI91°2 
and Cysl06"** in helix III effectively ties 
ECL2 to the transmembrane core (55). The 
distal portion of ECL2 makes close contacts 
with ECLI and contains a glycosylation site at 
Asn187°?° (56), which may serve to mask a 
grouping of aromatic residues on ECLI; in 
this construct, Asn187°** has been mutated to 
Gilu to aid in crystallization, 

Electron density corresponding to the N 
terminus was not apparent in the maps, and 
therefore residues 1 to 28 are not included in 
the model, This disonder contrasts with rho- 
dopsin, in which the N-terminus interacts 
extensively with the ECLs, forming a small 
four-strand sheet in conjunction with ECL2, 
‘This sheet structure forms a cap that effectively 
isolates the retinal-binding site in a hydropho- 
bile pocket (Fig. 4B). The lack of interactions 
between the N terminus of BAR and ECL2 
further enables diffusible ligand access to the 
binding site, However, a completely disordered 
1N terminus may be an artifact induced by the 
presence of the N-terminal Flag tag, which 
carries. an overall positive charge and may 
disrupt N-terminal interactions, 

‘The short helical region on ECL2 adds a 
rigid structural element that, along with the two 
disulfide bonds, constrains the loop to a small 
range of conformations and helps stabilize the 
receptor by linking three transmembrane 
helices (Fig. 4A). This rigid conformation 
may help t0 stabilize the core of the receptor 
and lock ECL2 in a conformation that does not 
hinder access to the binding pocket. 


Fig. 5. Ligand-binding characteri- 
zation and comparison to rhodopsin. 
(A) View looking down on the plane 
of the membrane from the extra- 
cellular surface, showing a detailed 
representation of the carazolol- 
binding site in B,AR-TAL. Carazolol 
fs shown as sticks with carbon atoms 
colored yellow. B2AR-TAL residues 
contributing to carazolol binding 
are shown in green and labeled. 
Electron density is contoured at So 
from an Fo — Frac omit map 
calculated without the contribution 
of carazolol. Abbreviations: D, Asp; 


Ligand-binding site and comparison to 
rhodopsin. Carazolol is a partial inverse 
agonist that binds with picomolar affinity 10 
BLAR-TAL, producing a reduction of the basal 
activity of the receptor (57). The erystal struc- 
ture reveals extensive interactions between 
the receptor and carazolol that position the 
carbazole moiety adjacent to Phe289°*!, 
Phe290°**, and Tp286°* (Fig. SA, fig. SL 
and table $3), In contrast, I1-cis-retinal is a 
full inverse agonist covalently bound to rho- 
dopsin, which suppresses all activity toward 
transducin (58). Carazolol and retinal occupy 
similar spaces in their respective receptors, 
with substantial overlap of the nonaromatic 
regions of carazolol. However, the frionone 
ring of retinal extends deep into the binding 
pocket of rhoxlopsin and contacts residues on 
helices V and VI, where it is, sandwiched 
between Phe212°*” and Tyr268°** and inter- 
‘acts with the highly conserved Tip26S°** (Fi 
SB), It has been proposed that changes in 
the rotamer of Trp26S°** occur upon ac- 
tivation of rhodopsin and related family mem- 
bers, and that these changes constitute the 
“toggle switch” for receptor activation (59). 
Accordingly, the interactions between I-cis- 
retinal and Trp26S°* are likely to contribute 
to the absence of basal activity in thodopsin 
Carazolol does not interact directly with the 
toggle switch on helix VI; however, it lowers 
the basal activity of the receptor, and may do so 
by interacting with Phe289*"" and Phe290°%, 
Which form an extended aromatic network 
surrounding the highly conserved Trp286"** 
Asa result, Trp286"* adopts the rotamer asso- 
ciated with the inactive state, Thus, the steric 
constraints imposed by Phe290°*! appear to 
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structurally mimic the interaction of the 
ionone ring of retinal with the conserved 
‘Trp286°** and Phe212°*” on rhodopsin (60) 
(Fig. SC). 

Structural alignment and helix bundle 
reorganization. It has long been thought that 
class A GPCRs share a similar architecture as 
result of their predicted seven-transmembrane 
helical bundles and sequence conservation 
within the membrane-spanning regions (61). 
To Iam more about the structural similar- 
ities and differences in class A GPCRs, we 
aligned the structure of fAR-T4L to highest- 
resolution structure of rhodopsin (PDB ID coxle 
1UL9), We used difference distance matrices to 
select nondivergent areas between the two struc- 
‘tres that align to reveal the differences in helix 
orientation between B,AR-T4L and rhodopsin 
(2. 

Relative to rhodopsin, the following heli- 
cal shifts are seen in B)AR-T4L; The extra- 
cellular portions of helices | and Ill angle 
way from the center of the receptor, helix IV 
is translated away from the center of the 
receptor, helix V is translated closer to the 
center of the receptor, and helix VI angles 
away from the receptor on the cytoplasmic 
end (Fig. 6), The largest difference is in helix 
1, which lacks a protine-induced kink found in 
hodopsin and is comparatively straight. The 
angle between the rhodopsin and B)AR 
positions of helix I is about 18° with a shift 
of 7 A at the apex on the extracellular face, 
This structural difference may arise from the 
need for an accessible binding site in B,AR, 
which is provided in part by a tack of inter- 
actions between the N terminus and extracel- 
lular loop segments. In contrast, the N-terminal 


F, Phe; N, Asn; S, Ser; W, Trp; ¥, Tyr. (B) Binding orientation comparison 
between 11-cis-retinal in chodopsin and carazolol in f2AR-TAL. Van der 
Waals surfaces for carazolol and retinal are represented as dots to 
accentuate the close-packing interactions. Retinal inthe 11-cis conforma- 
tion (pink) binds deep in the active site of shodopsin as compared 
carazolal (blue), packing its f-ionone ring between, Tyr268 

Phez12**” (cyan) and blocking movement of T1p265°** (magenta) ino 
the space. The frionane ring of all-rans-etinal in activated rhodopsin 
would not block Trp265*“S from rotating into the space, allowing a 
rotameric shift into its proposed active form. (C) Four residues are 
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involved in the toggle switch mechanism of fi,AR-TAL. Phe290°*? (magenta) 
's sandwiched between Phe208°*” (tan) and Phe289°* (tan), forming a ring- 
face aromatic interaction. Like rhodopsin, an activation step is thought to 
‘occur by a rotameric change of Trp286* (magenta), which would displace 
Phe290"=, Garazolol is shown to interact extensively with the sandwich motif; 
however, few interactions are sen wth Trp286* "The 6.52 position in BAR- 
TAL is occupied by Phe290**, as opposed to Ala269°* in rhodopsin, where 
the B-ionone ring replaces an aromatic protein side chain in forming the 
sandwich interactions. The aromatic character of the sandwich is otherwise 
maintained by Phe289°"? and Phe208°*” in ,AR-TAL 
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region in rhodopsin occludes the retinal- 
binding site through extensive interactions 
with the extracellular loops (Fig. 4B). Helix 
V of BoAR is closer to the binding pocket by 
about 3.5 A on average, and its lumenal end is 
‘angled more toward helix VL Helix IV of 
BAR is farther from the binding site, possibly 
to remove steric clashes resulting from the 
modified position of helix V (Fig. 6, B and 
), Helix Ill pivots farther from the binding 
site about a fulcrum located close to the 
cytoplasmic end (Fig. 6C). The angle formed 
between shodopsin helix III and yAR helix 
IL is about 7°, yielding a 4 A displacement 
out of the binding pocket at the cytoplasmic 
end of the helix. Relative to rhodopsin, helix 
VI of B2AR is positioned farther from the 


0.5} NN 6.5 A 
A ve 


‘center of the receptor at the cytoplasmic end: 
this is caused by a slight difference in the 
angle about the proline-induced kink in the 
helix (Fig. 6C). 

The ligand-binding pocket is formed by 
both structurally conserved and divergent 
helices, in the context of their positions in 
rhodopsin (Fig. 6D). Helices Ill and V are two 
of the most conformationally shifted helices 
and contain the canonical catecholamine- 
binding residues associated with activation of 
the adrenergic family of receptors (63-65). 
‘The comparison with rhodopsin suggests that 
the structurally conserved helices provide a 
common core present throughout the class A 
GPCRs, whereas the variable helices confer 
binding-site plasticity with a resulting archi- 
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Fig. 6. Comparison of B,AR-T4L helical orientations with those of rhodopsin (PDB ID code 1019). 
(A) BLAR-TAL is rendered as a ribbon trace colored with a blue-to-red spectrum corresponding to 
observed distances between Ca positions in the two structures [root mean square deviation 
(RMSD) 2.7 A between all residues in the transmembrane region]. Helix I shows very little 
movement, whereas the entire lengths of helices Il IV, and V shift substantially. Helix VIII and 
loops were not included in the comparison and are colored tan. (B) Movements of helices | and V 
of rhodopsin (gray) are shown relative to BAR-TAL. (C) Movements of helices Ill, 1V, and VI. (D) 
Ligand-binding site representation. Carazolol is shown with yellow carbons. Entire helices are 
assigned a single designation on the basis of their divergence from the rhodopsin position in the 
‘area of the ligand-binding site as shown. Helix | is highly divergent; helices i! and Vi are similar 
to thodopsin. Helices IV and Vil are moderately constant. Helices lll and V are moderately 
divergent. 
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tecture capable of binding a large spectrum of 
ligands, 

Comparison to rhodopsin-based GPCR 
‘models. Since the determination of the in- 
active dark-state rhodopsin structure (/8), a 
number of homology models of other class A 
GPCRs have been reported (66-70). Typi- 
cally, homology models start by alignment of 
so-called fingerprint motifs that are common 
among the family, These fingerprint motifs 
are extrapolated to assign coordinates for the 
entire helical bundle. Loop regions are either 
ignored or modeled on the basis of databases 
of loop conformations, depending on the 
application (66). A number of models exist 
for BAR, some of which have been im- 
proved upon with supporting biochemical 
data (66, 70-73). When compared to the 
BoAR structure reported here, however, all of 
these models were more similar to rhodopsin, 
as were models for other receptors (¢.g., 
dopamine, muscarinic, and chemokine) (27). 
This is not entirely sumprising but highlights a 
general shortcoming in homology models 
‘generated from a single structural template, 
The structural divergence between ByAR and 
rhodopsin would be quite difficult 10 predict 
accurately using only rhodopsin as a template. 
‘The addition of a second class A GPCR struc 
ture should make it possible to correlate the 
sequence differences between rhodopsin and 
BoAR with the observed structural differ- 
‘ences, enabling extrapolation to other class A 
GPCRs. Highlighting interactions that con- 
strain class A receptors into each of the two 
‘observed states will allow a more comprehen- 
sive analysis of structural divergence andl should 
result in more accurate models, Furthermore, 
evidence provided in (24) indicates that ByAR- 
‘TAL may not be in a completely inactive confor 
‘mation like rhodopsin, providing an altemative 
signaling state on which to base homology 
‘models that will be more relevant for virtual 
ligand screening and structure-based drug de~ 
sign (66, 73). The addition of further struc 
tural templates and conformational states to 
the pool of information on GPCRS should pave 
the way 10 a new generation of more potent 
therapeutics targeting this expansive recep- 
tor family and enhance our understanding of 
the signaling properties within their associated 
pathways, 
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GPCR Engineering Yields 


High-Resolution Structural Insights 
into B2-Adrenergic Receptor Function 


Daniel M. Rosenbaum,** Vadim Cherezov,?* Michael A. Hanson,” 


Seren G. F. Rasmussen,” Foon Sun Thian,* Tong Sun Kobilka,” Hee-Jung Choi,*? 
Xiao-Jie Yao," William 1. Weis,** Raymond C. Stevens,"t Brian K. Kobilka"t 
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cterotrimeric guanine nue 
He binding protein (G 

protcin) coupled receptors 
(GPCRs) are a remarkably versatile 
family of transmembrane. signaling 
molecules that present extraoninary 
therapeutic potential as drug targets for 
«wide spacttum of senses (7) A bee 
ter undastnding of GPCR stricture 
\ill help to elucidte the mechanism by 
which they transmit signals across the 
plasma membrane and will faciliate 
the development of more elective and 
selective chugs. Rhodopsin, the light 
semsitive photoreceptor found in the 
mammalian eye, is also a GPCR, and 
fits structure has been determined. Ob- 
taining high-resolution structures. of 


AN 


the structure by molecular replacement, 
using T4 lysozyme and a polyalanine 
‘model ofthe transmembrane regions of 
thodopsin as search models [see (3)} 
One must be concemed that the 
structural modifications that facilitated 
‘rystal formation could produce a high= 
resolution stucture that does not reflect 
the WT Bradrenergic roxptor, The fi 
sion proicin eshibited slightly elevated 
agonist binding alinkis; however, an- 
‘agonist binding affinities were nomal, 
and only minor differences were ob- 
served when the J>adkenergic receptor 
TAL stucture was compared to a 34 A 
structure of the WT Ba-xlrenergie re 
‘ceptor crystallized in complex with an 
antibody fragment (4), Therefore, with 


GPCRs other than rhodopsin, how- 
ever, has been challenging because 
of their low natural abundance and 


Replacement of an intracellular loop of the fi-adrenergic receptor with 
{ysozyme stabilized two flexible helices (5 and 6), allowing crystallization 
of the fusion protein and determination of the structure of this 
‘medically important membrane receptor. 


the exception of ICL3, the structure of 
Bradrenemic reoeptor-T4L. probably 
reflects that of the native receptor. 


inherent structural flexibility and ine 
stability (2). As a result the application 
‘of structure-based drug discovery to GPCRs has largely been limited to the 
use of thodopsin-based homology models. We have applied targeted 
protein engineering 1 make other GPCRs better candidates for erys- 
tallographic structure analysis, using the human fo-adrenergic receptor as 
tn inital candidate. The f-idrenergic receptor binds the hormones adrenaline 
tnd noradrenaline to regulate cardiovascular and pulmonary function. Our 
results show that targeted protein engineering can be used to obtain high- 
resolution structures of GPCRs. 

Eflons to crystallize the wildtype (WT) r-adrenerpic receptor have been 
unsuccessful, We identiied the third intracellular loop (ICL3) as a possible 
contributor (o the difficulties in crystallization. This region interacts with sig- 
naling molecules such as G proteins. ICL3 is poorly structured and con- 
tributes to the relatively unrestricted movesnent of the transmembrane helices, 
Which leads to the receptors conformational heterogeneity and crystalization 
problems, Truncation of ICL3 could reduce the movement of the helices, but 
this would also reduce the polar surface ana that is important for forming 
crystal-attice contacts. Thus, we rephced ICL3 with T4 lysozyme (TAL), a 
\wellfokled protein that adls a polar surface and simultaneously restricts the 
movement of transmembrane helices liked by the inserted sequence (sce the 
figure). The resulting fusion protein could be efficiently expressed in insect 
calls and purified. I also retained figand binding affinities near those of the 
WT receptor and could undergo conformational changes upon agonist binding 

‘The engineered protein formed crystals in two different lipid environ- 
‘ments: bicelles and lipidic cubic phase. Crystals grown in lipidic cubic 
phase yiekled a2.4 A x-ray diffraction data set from which we determined 


Although we know the structure of 
the GPCR rhodopsin, our structure of 
the Br-adrenergic receplor now provides a high-resohiton view of a GPCR that 
binds diffusible homones and newrotansmiters and should facilitate suture 
used dng development. Moreover, it can help © reveal how structural 
changes are propagated from the agonist binding site to the G protein-coupling, 
domains. The methods that we use to obtain these crystals will probably be 
applicable to cther GPCRS, allowing the determination of their structures and 
increasing our understnding of transmembrane signal tansduction andl drug, 
Bscovery for this important class of molecules. 

Nevertheless, a fill understanding of the structural basis of GPCR ac- 
tivation will require a high-esolution structure of a complex between a 
ceptor with an agonist bound and its G protein, as well as methods to assess 
the dynamics of their interaction that cannt be captured by the stitic snapshots, 
Provided by x-ray crystallography. Future nuckear magnetic resonance (NMR) 
experiments, which capture some of the dynamics, could identify key GPCR 
residues: those critical for binding different classes of ligands, propagating 
conformational changes, and forming allogeric interaction sites for signaling 
partners such as G proteins and arrestins. When interpreted in the context of 
high-esolution crystal stuctres, NMR and other dynamics experiments will 
‘ead to a beter understanding of GPCR signaling and how such signaling can 
be manipulsted with small molecules w therapeutic effect, 

‘Summary References 
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‘The Ba-adrenergic receptor (BAR) is a well-studied prototype for heterotrimeric 

guanine nucleotide-binding protein (G protein)coupled receptors (GPCRs) that respond to 
diffusible hormones and neurotransmitters. To overcome the structural flexibility of the 
BeAR and to facilitate its crystallization, we engineered a B2AR fusion protein in which T4 


lysozyme (TAL) replaces most of the 


intracellular loop of the GPCR (“f2AR-TaL”) and 


showed that this protein retains near-native pharmacologic properties. Analysis of adrenergic 
receptor ligand-binding mutants within the context of the reported high-resolution structure 
of B.AR-TAL provides insights into inverse-agonist binding and the structural changes 
required to accommodate catecholamine agonists. Amino acids known to regulate 

receptor function are linked through packing interactions and a network of hydrogen 

bonds, suggesting a conformational pathway from the ligand-binding pocket to regions that 


interact with G proteins. 


Of heterotrimeric guanine nucleotide 
binding protein (G_protein)-coupled re- 
ceptors (GPCRs) that play a central role in me~ 
dliating the effects of catecholamine: hormones. 
In contrast to rhodopsin, which is expressed at 
very high levels in photoreceptor cells and has the 
ligand retinal covalently bound (1), ofher GPCRS 
such as the Braidrenergic recgpor (BAR) gen 
cally express at low levels, bind diffasible ligands, 
tnd exhibit greater functional and structural plas- 
ticity (2) The B2AR was the first non-rhodopsin 
GPCR 10 be cloned and has been ane of the most 
extensively studied members of this large receptor 
family 
‘To obtain high-resolution structural information 
on the BAR, we increased its proteolytic stability 
nd crystallizability by eliminating the C-erminal 
{ail and replacing most of the third intracellular 
Joop (ICL3) with the protein TS lysazyme (TL). 
‘The optimized ByAR-T4L protein was crystal- 
lized in lipidic cubic phase, as described in the 
companion paper by Cherezov et al. (3), and the 
resulting 24 A resolution crystal structure reveals 
the interface between the receptor and the ligand 
canwolol, a partial inverse agonist (4). Analysis of 
mutagenesis data in light of the structure cla 
ifs the roles of different amino acids in inverso- 
agonist binding and implies that rearrangement of| 
the binding pocket accompanies agonist binding. 
{In addition, the structure reveals how mutations 
known to cause constitutive activity oF uncou- 
pling of agonist binding and G protein activation 
are distributed between the ligand-binding pockst 
and the cytoplasmic surface of the protein, such 
that changes in side chains due to interaction with 
the ligand can be transmitted through the struc- 
ture to the site of G protein interaction. 
BAAR-TAL: A crystallizable GPCR fusion pro- 
tein, The conformational complexity that makes 


T: adrenergic receptors make up a class 
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GPCRs versatile signaling molecules may con- 
tribute to the difficulty of crystallizing these pro- 
teins (2), Despite substantial efforts, we were 
unable to grow difffation-qualty crystals from 
purified, homogencous wikl-type (WT) BoAR. 
This was probably duc to conformational varia- 
bility ofthe flexible ICL3 and C terminus, as well 
as the rdatively small polar surface available for 
crystal contacts. Fluorescence resonance energy 
transfer experiments show that the C-terminal 
portion of the B2AR is in an extended conforma- 
tion (5), a property that may be important for the 
role of this region in interacting with signaling 
and scaffok! proteins, but one that woul probably 
interfere with crystab-lattice formation. ICL3, 
Which links the cytoplasmic ends of helices V 
and. VI, is functionally important both for the 
specificity of receptor-G protein interactions and 
forG protein activation. In the :AR, this domain 
is susceptible to proteolysis; however, proteolytic 
cleavage docs not lead w dissociation of the 
transmembrane segments linked by the ICL3. in 
fact, BAR helices I to V and helices VI and VIL 
bbchave as independent folding domains that can 
be expressed! on separate plasmids and assemble 
to form a functional “split” receptor (6). There- 
fore, we speculated that ICL3 links two domains 
with a relatively dynamic interface, which could 
be important for function but may also contribute 
to greater instability 

Because the majority of membrane protein 
crystals form through contacts of the nonmem- 
branous portions of the molecule, we sought to 
improve the chances of AR crystallization by 
replacing ICL3 with a well-structured, soluble 
domain that might aid in the formation of lattice 
contacts. The intial criteria for choosing the in- 
sated soluble protein ware that the Nand C 
{emini would approximate the predicted distance 
baween the cytoplasmic ends of helix V and halix 
VI and thatthe protein would crystallize under a 
variety of conditions. T4L i a small, stable protein 
that fulfils these criteria (7). The N and C termini 
of WE TAL are 10.7 A apart in Protein Data Bank 
(PDB) structure 2LZM (8), compared with a cis- 
tance of 15.9 A between the carbonyl carbon of 
residue 228° (9) and the amide nitrogen of 
residue 241° in the high-resolution structure 
of rhodopsin (PDB 1U19) (0). 
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DNA encnding the TAL protein (Cys — 
Thr, Cys” — Ala”) (11) was initially cloned 
into the human BsAR gene, guided by a com- 
parison of ICL3 length and sequence amon; 
class A GPCRs (12): residues 234°” to 259°) 
of the BAR were replaced by residues 2 10 164 
of T4L (construct “E3” in Fig, 1), In addition, 
the receptor was truncated at positon 365, which 
aligns approximately with the position of the 
shodopsin C terminus. Although these modifica- 
tions resulted in a receptor that was expressed 
efficiently in Sf cells, further optimization was 
ccarried out to reduce the length of the junction 
between the receptor and the TAL termini (73), 
‘Several candidate constructs are illustrated in Fig 
1A, and selected immunofluorescence images of 
transfected, permeabilized human embryonic 
kidney (HEK) 293 cells are shown in Fig, 1B, 
Relative t the intial construct, we could remove 
three residues from the cytoplasmic end of helix 
'V dace from the C-terminal end of T4L, and three 
from the N terminus of helix VI, all without ling 
substantial cell-surface expression. The final con- 
siruct used for erystalization rials (ByAR-TAL) 
‘has residues 231°” to 262°" of the BAR re- 
placed by amino acids 2 to 161 of TL (DI in 
Fig. 1A). Similar reduction of flexibility through 
minimization of linker length has been impor- 
{ant in previous crystallization studies on soluble 
fusion proteins (14). 

Functional properties of f2AR-TAL We mea- 
‘sured saturation binding of [HJDHA to the 
BsAR-TAL, as well as competition binding of 
the inverse agonist ICI-118,551 and_ several 
agonists (Fig. 2A, fig. S1, and table SI}. The 
results show that BAR-TAL has W'T affinity for 
the antagonist {’HJDHA and the inverse agonist 
ICL-I18S51, whereas the aflinty for both ago- 
nists (¢g., isoproterenol, epinephrine, formoterol) 
and a partial agonist (salbutamol) is two-to- 
threefold higher relative to WT poAR. Higher 
agonist binding affinity is a property associated 
with constitutively active mutants (CAMs) of 
GPCRs. CAMS of the B:AR also exhibit ele- 
‘vated basal, agonist-ndependent activation of the 
stimulatory G protein for adenylyl cyclase (Gs) 
and typically have lower expression levels and. 
reduced stability (/5, 16). ByAR-TAL exhibits 
binding properties of a CAM, but it expresses at 
levels exceeding 1 mgfiter of Sf9 cell culture, 
is more resistant to trypsin proteolysis than the 
WT BAAR (fig. $2), and retains binding activity 
in detergent at 37°C, as well as the WT receptor 
(fig. $3). 

BLAR-TAL did not couple to Gs, as expected, 
because of the replacement of ICL3 by TAL. To 
assess whether the fused protein alters receptor 
function at the level ofits ability to undergo con- 
formational changes, we used a covalently attached 
fluorescent probe as a reporter for ligand-induced 
structural changes. Fluorophores attached at 
‘Cys265*77, at the cytoplasmic end of helix VI, 
detect agonist-induced conformational changes 
that correlate with the efficacy of the agonist 
toward G protein activation (17-20). Detergent 
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solubilized B2AR365 (WT receptor truncated 
at 365) and BAR-T4L were each labeled with 
monobromobimane, which has been used pre- 
viously to monitor conformational changes of the 
BAR (2/). The adition of the agonist isopro- 
terenol to purified fAR365 induces a decrease 
in fluorescence intensity and a shift in the wave- 
Jength at maximum intensity (hoax) for the at- 
tached bimane probe (Fig. 2B and table S2) 
These changes in intensity and Aya. ane con- 
stent with an agonist-induced increase in polar 
ity around bimane, A smaller change is observed 
with the partial agonist salbutamol, whereas the 
inverse agonist IC1-118,551 had lite effect. For 
the ByAR-TAL, there are subtle differences in the 
baseline spectrum of the bimane-labeled fusion 
protein, as might be expected ifthe environment 
around Cys265°” is altered by T4L. However, 
the full agonist isoproterenol induces a qualita- 
tively similar decrease in intensity and rightward 
shift in Aya» Thus, the presence of the fused 
TAL does not prevent agonist-induced confor 
rational changes. The partial agonist salbuta- 
‘mol induced larger responses in ByAR-TAL than 
were observed in WT BAR, and there was a 
small inerease in fuorescence in response to the 
inverse agonist ICI-118,551, These propettics are 
observed in CAMs (/5, 22) and are consistent 
With the higher affinities for agonists and partial 


Intracellular 


Fig. 1. Design and optimization of the B,AR-T4L fusion protein. (A) The 
sequence of the region of the BAR targeted for insertion of a crystallizable 
domain is shown, and the positions of the junctions between the receptor 
and TAL (red) for various constructs are indicated. The sequences that were 
initially replaced or removed are faded. Red lines are shown after every tenth 
residue. ECL, extracellular loop. (B) Immunofluorescence images of HEK293 
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agonists exhibited by BeAR-TAL. Therefore, we 
conclude that the T4L fusion induces a partial 
‘constitutively active phenotype in the BAR prob- 
ably caused by changes at the cytoplasmic ends 
of helices V and VL 

Comparison between B2AR-T4L and f},AR- 
Fab structures. The 2 AR-T4L fusion strategy 
is validated by a comparison of its structure 10 
that of WT B»AR complexed with a Fab that 
recognizes a three-limensional epitope consisting 
of the N- and C-terminal ends of ICL3, deter- 
‘ined at an anisotopic resobtion of 34 A/3.7 A 
(23), Figure 3A illustrates the similarity between 
the fusion and antibody complex approaches 10 
BOAR crystallization, in that boxh strategies rely 
cn attachment (covalent ar noncovalent, respec 
tivaly) ofa soluble protein partner between helices 
Vand VI. A major difference between the two 
structures is that the extracellular loops and the 
carazolol ligand could not be modeled in the 
BoAR-Fab complex, whereas these regions ane 
resolved in the stricture of ByAR-T4L. None- 
theless, it is clear that the T4L insertion does not 
substantially alter the receptor. Superposition of 
the two structures (fig. $4) illustrates thatthe trans- 
membrane helices of the receptor components 
are very similar (root mean square deviation 
0.8 A for 154 common modeled transmembrane 
Ca positions versus 2.3 A between ByAR-T4L 


Extracellular 
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and the 154 equivalent residues in shodopsit 
especially when the modest resolution of the 
Fab complex is taken into account. 

There is one major difference between the 
Fab-complex. and chimeric-receptor structures 
that can be attributed to the presence of TAL, 
The cytoplasmic end of helix V1 is pulled out- 
ward as a result of the fusion to the C terminus 
of TAL, which alters the packing of Phe264°2* 
at the end of helix VI (Fig. 3B), In the Fab- 
complex AR, interactions between Phe264°** 
and residues in helix V, helix VI, and ICL2 may 
be important in maintaining the ByAR in the basal 
state. The loss of these packing interactions in 
BsAR-T4L could contribute to the higher agonist 
binding affinity characteristic of a CAM. 

‘An unexpected difference between the struc 
ture of rhodopsin and the ByAR-TAL involves, 
the sequence E/DRY (24) found at the cytoplasmic 
‘end of helix Ill in 71% of class A GPCRs, In 
rhodopsin, Glul344? and Argi35"*" form a 
‘network of hydrogen bond and ionic interac- 
tions with Glu247™ at the cytoplasmic end of 
helix VI. These interactions have been referred 
to as an “ionic lock” that stabilizes the inactive 
state of shodopsin and other class A members 
(25), However, the amangement of the homolo- 
‘gous residues is considerably different in BsAR- 
‘TAL: Argl31! interacts primarily with Asp130" 


Mt 


cells expressing selected fusion constructs. (Left) M1 anti-FLAG signal corre- 
sponding to antibody bound to the N terminus of the receptor. (Right) Same 
signal merged with blue emission from 4’,6~-diamidino-2-phenylindole 
(nuclear staining for all cells). Plasma membrane staining is observed in 
the positive control, 03, and D1, whereas C3 and D5 are retained in the 
endoplasmic reticulum. 
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Fig. 2. Functional characteri- 
zation of ByAR-T4L (A) Alfinity 
competition curves for adrenergic 
ligands binding to ,AR-TaL and 
WT BaAR. Binding experiments on 
membranes isolated from Sf9 in- 
sect cells expressing the receptors 
were performed as described 
(23), B) f,AR-TAL is sil able to 
undergo ligand+induced confor- 
mational changes. Bimane fluo- 
Fescence spectra (excitation at 
350 nm) of detergent-solubitized 
BaAR-TAL and WT BoAR truncated 
at 365, labeled under conditions 
that selectively modify Cys265“2” 
(13), were measured after incu- 
bating the unliganded receptors 
with compounds for 15 min at 
oom temperature. The cartoon it 
lustrates thatthe observed changes 
in fluorescence can be interpreted 
a5 a movement of the bimane 
probe from a more buried, hydror 
phobic environment to a more 
polar, solvent-exposed position. 
(Bs, counts per second, 
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and a sulfite ion rather than with Glu26s*™, 
and the distance between helix Ill and helix: VI 
is greater than in rhodopsin (Fig. 3C). This 
difference might be explained by the interaction 
between Glu268°" and Arg8 of T4L; however, 
the arrangement of Asp130°” and Argi31° 
tnd the distance between helix II and helix VI 
is very similar to that observed in the sAR-Fab 
structure. Although the presence of an antibody 
‘or TAL at the ICL3 region could potentially af- 
fect the arrangement of these residues, the fact 
that similar ionic-lock structures were obtained 
using two different approaches suggests that a 
broken ionic lock may be a genuine feature of 
the carazolol-bound state of the receptor. 
Ligand binding to the AR. The yAR-T4L 
fusion protein was purified and crystallized in 
‘complex with the inverse agonist carazotol. 
Carazotol stabilizes the P2AR against extremes 
of pH and temperature, perhaps related t0 its 
‘unusually high binding affinity (equilibrium dis- 
sociation constant Ky < 0.1 nM) and slow disso- 
ciation kinetis (half-time ty2 ~30 hours) (fig $5). 
‘The interactions between carazoll and ByAR-TAL, 
are depict schematically in Fig. 4. The carbazole 
ring system is oriented roughly perpendicular to 
the plane of the membrane, and the alkylamine 
chain (atoms 15 to 22 in the model) is nearly 
parallel to the heterocycle (Fig. 5, A and B). 
Carazolol was modeled into the electron density f i, 
(3) as the (S}(-) isomer because of the higher 
affinity of this enantiomer, despite the fact that a Fig, 3, (A) Side-by-side comparison of the crystal structures of the B)AR-TAL fusion protein and the 
racemic mixture of the ligand was used in crys~ complex between B.AR365 and a Fab fragment. The receptor component of the fusion protein is 
tallization. Aspi13**, Ty3167, and Asn3 12’ shown in blue (with modeled carazolol as red spheres), whereas the receptor bound to FabS is 
Present a constellation of polar functional groups yellow. (B) Differences in the environment surrounding Phe264*2* (shown as spheres) for the two 
to the alkylamine and alcohol moicties of the proteins. (€) Analogous interactions to the ionic lock between the E(D)RY motif and Glu247°2? 
ligand, with the Asp113*** and Asn312’”” side seen in rhodopsin (right panel, purple) are broken in both structures of the BAR (left panel, blue 
chains forming close contacts (<3 A) with the and yellow as above). PyMOL (43) was used for the preparation of all figures. 
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17 and Nio atoms of carazolol (Figs. 4 and 5, 
‘A and B). Aspl13°2* was one of the first BAR 
residues shown to be important for ligand bind 
ing; the D113N mutation causes a complete loss 
‘of detectable affinity for antagonists (26) and a 
decrease in the potency of agonists toward cell- 
based G protein activation by over four orders of | 
‘magnitude (27). Likewise, mutations of Asn312”” 


Fig. 4. Schematic representation of the in- 
‘teractions between BaAR-TAL and carazolol 
at the ligand binding pocket. The residues 
shown here have at least one atom within 
4A of the ligand in the 2.4 A resolution 
crystal structure. 


perturb B2AR binding to agonists and antago- 
nists: Changes to nonpolar amino acids (Ala or 
Phe) reduce affinities to undetectable levels, 
‘whereas retention of a polar functionality (Thr or 
Gin) gives partial affinity (28). On the opposite 
end of the ligand near helix V, N; of the carbazole 
heterocycle forms a hydrogen bond with the 
side-chain hydroxyl of S203 Mutations of 


‘Ser203°** specifically decrease B2AR affinity 
toward catecholamine agonists and aryloxyalkyl- 
amine ligands with nitrogen-containing hetero- 
ceycles such as pindolol (29) and, by implication, 
carazolol. Thus, the polar interactions between 
ccarazolol and the receptor observed in the crystal 
simicture agree with the known biochemical dat, 
‘The contribution of Tyr3167*" to antagonist and 


wi09323] 


Fig. 5. Ligand binding 
pocket of fi,AR-TAL with 
carazotol bound, (A) Res- 
idves within 4 A of the 
ligand are shown as sticks, 
with the exception of 
‘A200, N293, F289, and 
308, Residues that form 


is shown as yellow spheres, and residues are shown as sticks within 
van der Waals dat surfaces. Val114*, Phe193*™, and Phe290** are red, 
and all other residues are gray. (D) Model of (-)soproterenol (magenta sticks) 
in the ligand binding pocket observed in the crystal structure. A model of the 
agonist with optimal bond lengths and angles was obtained from the PRODRG 
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BB Mutation disrupts agonist binding 
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server (44), and the Ghedral angles were adjusted to the values observed in 
the homologous atoms of bound carazolol (16 to 22 in Fig. 4). The one re- 
‘maining unaccourted dihedral in (-}-soproterencl was adjusted in order to place 
the catechol ring in the same plane as the Cie-Cas-Ose plane in carazolol. 
Residues knowm to specifically interact with agonists are shown as green sticks. 
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‘agonist affinity remains to be tested: this residue 
is conserved as Tyr in all sequenced adrenergic 
receptor genes (12) 

Figure SC shows the tight packing between 
carazolol and surrounding amino acids that 
buries 790 A* of surface area from solvent; spe- 
cific contacts are depicted schematically in Fig, 4. 
Notable among the hycrophobic residues. con- 
‘acting carumlol are Vall14°8, Phe290°, and 
Phel93°", The side chain of Vall14* from 
helix III makes multiple contacts with the C,- 
{o-Cis ring of the carbazole heterocycle, and 
Phe290°** from helix VI forms an edge-to-face 
aromatic interaction with the same ring. As a 
resul, these two amino acids form a hydrophobic 
“sandwich” with the portion of the aryl moiety 
that is common to many adrenergic antagonists. 
‘The mutation of Vall14* to Ala was shown to 


decrease AR affinity toward the antagonist 
alprenolol by one order of magnitude, as well as 


the sccond extracellular loop, in the path of 


Fig. 6. Packing interactions in the AR A, 
that are likely to be modulated during 
‘the activation process. (A) (Left) Resi- 
dues previously demonstrated to be CAMS 
(16, 25, 37-39, 45) o¢ UCMs (26, 41, 46-49) 
‘are shown as van der Waals spheres mapped 
onto a backbone cartoon of the BAARTAL 
structure. (Right) Residues that are found 
within 4A of the CAMs Leui24*® and 
Leu272*** are shown as yellow spheres or 
dot surfaces. A vertical cos section through 
‘the structure ilustrates that these surtound- 
ing residues connect the CAMs on helices I 
and Vt withthe UCM on helix Vil through 


three UCMS on helix Vit (orange) and one 
on helix It (yellow). In (B) and (0, only 
Ballesteros:Weirstein numbers (9) are used 
‘to identify amino aces. 
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hormone accessibility to the binding pocket. 
‘This amino acid contributes more buried surface 
area than any other residue to the interface 
between B2AR-T4L and carazolol (table $3). 
‘Therefore, Phe!93*** is likely to contribute sub- 
stantially to the energy of fAR-carazotal com- 
plex formation, and the position of this residue 
on the extracellular side of the binding site may 
allow it to act as a gate that conteibutes t0 the 
turusually slow dissociation of the ligand (fig. $5) 

Analysis of the binding pocket provides in- 
sights into the structural basis for pharmacologic 
selectivity between the BAR and closely related 
adrenergic receptors such as the BiAR. The af- 
finites of these two receptors for certain ligands, 
such as ICI-I18,551, betaxola, and RO363 (32), 
Aiffer by up to 100-f6ld. Curiously, ll ofthe amino 
acids in the caruzolol binxling pocket are conserved! 
between the B,AR and BAR fig, $6 in (/3)), The 
majority of the 94 amino acid differences between 
the BAR and B,AR are found in the cytoplasmic 
and extracellular loops. Whereas residues that dif 
fer in the transmembrane segments generally face 
the lipid bilayer, eight residues lie at the interface 
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between helices and may influence helix packing. 
‘The structural basis for phamacologc differences 
between BAR and BAR must, therefore, arise 
from amino acid differences in the entrance to the 
binding pocket or subtle differences in the pack- 
ing of helices, Evidence for the latter comes from 
cchimeric-receptor studies (32) in which successive 
‘exchange of helices between BAR and BARS led 
{0 a grachal change in affinity for the BAR selee- 
tive ICHI18,551 and the BAR selective betaxolol. 

As discussed above, BsAR-T4L shows CAM- 
like properties with respect 0 agonist binding 
affinities, suggesting that the unliganded ByAR- 
TAL may exist in a more active conformation 
than the WT BAR. Nevertheless, as shown in 
Fig. 2B, B:AR-T4L can be stabilized in an 
inactive conformation by an inverse agonist, Be- 
cause fAR-T4L was crystallized with bound 
carvolol, a partial inverse agonist, the structure 
‘most likely represents an inactive state. This is 
consistent with the similarity of the ByAR-TaL 
and B2AR-FabS carwzolol-bound structures, To 
assess whether conformational changes are re- 
‘quired vo accommodate catecholamines, « model 
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‘oF isoproterenol was placed in the binding site such 
that common atoms (16 to 22 in Fig. 4) were 
‘superimposed onto the analogous carizolol coor 
dinates in the crystal structure (Fig, SD). Residues 
Ser204°** and Ser207°* axe critical for catechol 
‘amine binding and activation of the BxAR, with 
Se204°* hy bonding to the meta-hydroxyl 
and $207" to the pursehyckoxyl ofthe catechol 
ring, respectively (33), In our model, the catechol 
hydroxyls of isoproterenol face the appropriate Ser 
residues on helix V, but the distances are too 
long for hydrogen bonding (6.8 A fiom the 
rmeta-hydroxyl oxygen tothe side-chain oxyyen of 
Se204°*" and 48 A from the para-hydroxyl oxy- 
gen t0 the side-chain oxygen of Ser bh 
‘action, Asn293°° and Tyr308”", wo residues 
expect to form selective interactions with agonists 
based on the literature (34, 35), are too distant 
form productive polar or hydrophobic contacts 
With the modeled isoproteronol molecule, These 
observations suggest that agonist binding requires 
‘changes in te binding site rdative to the caranlol- 
bound structure, unless common structural com- 
Ponents of agonists and inverse agonists bind in 
‘considerably different manner. 

Structural insights into BAR activation. Bio- 
physical studies provide evidence that conforma 
tional changes associated with activation of the 
BLAR are similar © those observed far rhodopsin 
(2, 18,21, 36). Yet the highly efficient process of 
light activation of rhodopsin through the cisrans 
isomerization of covalently bound retinal is very 
different from activation of the AR and other 
PCRS by diffusible hormones and neursrans 
imitters (2). Despite representing a static picture of 
the inverse agonist-bound state, the crystal struc- 
ture of PAR-T4L may still provide dues as 1 
how agonist binding is transbited into structural 
changes in the cytoplasmic domains of receptor. 
‘Agonist binding occurs athe extracellular ends of 
hilies I, IV, V, andl VIL, and G protein activation 
{s madiated by the cytoplasmic ends, Whereas the 
structure is opan at the extracellular fice w form the 
ligand binding pocke, the helices are mone closely 
packed! in the inracellular half of the receptor. This 
close packing implies that isolated rigid-body 
movement of any of these heices is unlikely and 
that conformational changes ean be accomplished 
‘only by rearangement of the side chains forming, 
the network of interactions between the helices. 
Biophysical studies show that structurally different 
agonists stabilize distinct active sates (17, 20), sug 
gesting that diferent ligands could stabilize dif 
ferent combinations of side-chain rearrangements. 

‘Analysis of mutations that affect BAR fune- 
tion provides insights into structural rearangements 
that are likely 1 occur during receptor activation. 
Figure 6A iiss the locaton of amino acids for 
which mutitions lead to elevated basal, agonist: 
independent activity (CAMS), as well as amino 
acids for which mutations impair agonist activation 
{uncoupling mutations (UCMs)). Residues. for 
which CAMs have been described are likely 1 
be involved in interactions that maintain the re- 
‘ceptor in the inactive conformation. These amino 
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acids are centally located on hebices Il and VL In 
‘contast, postions in which UCMSs have bon ob- 
served are likely to form intramolecular interactions 
that stabilize the active state. A cluster of UCMs 
is found at the cytoplasmic end of helix. VIL 
[Neither CAMs nor UCM are directly involved in 
agonist binding. Although the CAMs and UCMs 
ae not directly connected in sequence, its evident 
ffom the siniture that they are linked through 
packing interactions so that movements in ene will 
probably affect the packing of others. For example, 
Fig. 6A (right panel) shows all amino acids with 
awoms within 4 A of the two centrally located 
CAMs, Leul24™ (37) and Lew72" (38). Seve 
cal amino acids that pack against these CAMs 
also interact with one or more UCMs. Trp286°* 
ls atthe base of the binging pocket. It has been 
proposed that agonist binding leads to a change in 
the rotameric state of Trp286™, with subsequent 
changes in the angle of the helical kink formed by 
Pro288°° (39), Itis likely that an agonist-induced 
change in the rotameric state of Trp286"* will be 
linked to changes in side chains of CAMs and 
UCMSs through packing interactions and propa- 
gated (0 the eytoplasmic ends of the helices and 
the associated intracellular loops that interact 
with G proteins and other signaling molecules. 

In the structures of both rhodopsin and. the 
BOAR, a chister of water molecules les near the 
‘most highly conserved class A GPCR residues 
(Fig. 6B). It has been proposed that these water 
molecules may play a role in the structural changes 
involved in receptor activation (40). Figure 6C 
shows the network of potential hydrogen bonding 
interactions that ink Tip286°** with conserved 
amino acids extending to the eytoplasmic ends 
of helices. UCMs have been identified for four 
amino acs linked by this network, Asp7™°, 
Asn318", Asn322”, and Y326"° (41), This, 
relatively loose-packed, water filled region is 
probably important in allowing conformational 
transitions, as there will be fewer steric restraints 
to side-chain repacking. Future structures of the 
agonist-bound state of the B2AR will help 10 
clarify the precise rearrangements that accompany 
activation of the recepior. 

Although crystallization of 2AR-TAL in the 
presence of other ligands remains an exciting 
Prospect, frure efforts t obtain structures of the 
catecholamine-bound receptor will be challenging 
because ofthe rebtively low affinity ofthese com- 
Pounds in the absence of G protein and their 


mulistep process involving distinet conformational 
intermediates (2, 17, 19-21, 42), which produces 
ssructural heterogencity even at saturating con 
centrations of agonist. It & therefbre possible that 
sructuralcheidation of the active stte of the 
BEAR will be possible only through crystallization 
of the complex between agonist, AR, ankd Gs. 
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Superconducting Pair Correlations 
in an Amorphous Insulating 
Nanohoneycomb Film 


M.D. Stewart Jr.,* Aijun Yin,? J. M. Xu,** James M. Valles Jr.** 


‘The Cooper pairing mechanism that binds single electrons to form pairs in metals allows 
electrons to circumvent the exclusion principle and condense into a single superconducting or 
zero-resistance state. We present results from an amorphous bismuth film system patterned with 
a nanohoneycomb array of holes, which undergoes a thickness-tuned insulator-superconductor 
transition. The insulating films exhibit activated resistances and magnetoresistance oscillations 
dictated by the superconducting flux quantum hize. This 2e period is direct evidence indicating 
that Cooper pairing is also responsible for electrically insulating behavior. 


(BCS) theory (1) provides a microscopic 

description of superconductivty in metals 
that also generally applies to superfuidity in 
other systems of fermions, including liquid "He 
2) and ultracold atomic gases (3). BCS theory 
introduced a novel phase of matter consisting of 
weakly bound Cooper pairs of conduction 
clectrons that condense into a single quantum 
state. This phase exhibits zero de resistance be- 
cause comelations among the Cooper pairs inhibit 
the scattering processes normally responsible for 
electrical dissipation (/). Counterintuitively, 
Cooper pair formation has also been invoked to 
account for recently uncovered high-resistance 
states of matter (4-8), Moreover, these states 
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appear in amorphous ultrathin films (5, 7-9), 
where the factors favoring insulating behavior 
«can compete with Cooper pair formation (10). 
The question of whether Cooper pairing 
occurs in systems with a resistive ground state 
is at the hear of discussions of the insulator-to- 
superconductor quantum phase transition (IST). 
Numerous systems, including ultrathin amor 
phous films (17) and wires (12) and high- 
temperature superconducting oxides (8), can be 
tuned from an insulating phase, which has a 
resistance that asymptotically approaches infinity 
in the zero temperature limit, to 3 superconduct- 
ing phase, which has zero resistance. The tuning 
Parameters, which include film thickness (//), 
‘magnetic field (6), and magnetic impurities (13), 
determine the quantum ground state of the 
system. Consequently, the transformation is 
deemed a quantum, rather than a thermal, phase 
transition (4). Models of ISTs broadly separate 
into those that do or do not presume that Cooper 
Pairs exist in the insulating phase. If Cooper pairs 


‘are present, then models include only Bose de- 
‘grees of fieedom and Cooper pairs and vortices, 
and the IST oceurs through Bose condensation 
(A). IF not, then the microscopic interactions 
among the fermionic degrees of freedom, elec- 
‘rons, must be considered, and the very formation, 
‘of pairs can dominate the IST (14), Intermediate 
models of bosons within a dissipative back- 
‘ground of fermions have also been developed 
(J). However, opinions differ widely on which 
scenario applies for amorphous film systems, 
‘because some experiments support a boson-anly 
picture and others donot. Electron tunneling, 
measurements suggest that Cooper pairs first 
appear at the same thickness as superconductivity 
in thin elemental films, in support of fermionic 
‘models (/6). On the other hand, signatures in the 
magnetoresistance of other amorphous. films 
‘suggest that vortices (J7) and/or Cooper pairs 
(5-7) can persist wel into an insulating phase, 
We have studied a set of films that undergo an 
IST and can be probed directly for Cooper pairs 
in their insulating phase. Our films consist of an 
‘ultrathin amorphous metal pattemed with anano- 
‘meter honeycomb (NHC) aay of holes, which 
‘are tuned to pass from an insulating to a super- 
conducting state by increasing their thickness, 
‘Theresistive phases of systems that also exhibit a 
superconducting phase have been scrutinized for 
‘Cooper pairs using Nemstetfect measurements, 
‘of vortex motion (18), electron tunneling mea- 
surements of the density of states (76), and ac 
‘conductivity measurements (/9). These reveal at 
least the presence of pairing fluctuations. It is 
desirable, however, to devise a detection scheme 
that is sensitive to the spatial phase coherence of 
the pair wavefunction and thus to long-lived 
Cooper pairs. We constructed a simple but 
effective platform, which relies on the magnetic 
field dependence ofthe pair wavefunction phase 
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(20-22). In a magnetic vector potential 7 the 
phase varies in space according to 6» — 61 
(A + pot? J)» dX where J; is the super- 
fluid current and 2. isthe penetration depth. This 
relation plus the requirement that the phase be 
single-valued at any point leads to magnetic fhux 
quantization, For superconductors pattemed with 
an ordered aay of holes, this combination 
‘causes their free energy and transport properties 
to oscillate in an applied magnetic field with a 
period of h2eS, where Sis thearea of aunit cel 
‘Nonsuperconducting systems containing Cooper 
pairs can also exhibit magneto-oscillations, 
provided that the pair phase-coherence length 
exceeds the hole spacing. Correspondingly, pat- 
teming the holes as closely spaced as possible 
enhances the sensitivity to Cooper pairs. 

‘To crete films with a nanometer-scale hole 
fama, we used a templated growth method anal 
‘ogous to that used to form metal nanowires on 
carbon nanotubes (12). We quenched deposit from 
‘vapor Sb followed by Bi onto a cooked [temperature 
(D = 8K] anodized aluminum oxide substrate 
previously structured with an NHC array of holes 
(23), The data presented here primarily come from 
series of films with hole radius (7yo42) = 27 nm 
and thicknesses (dn) 1,09 < dy < 1.3 nm (23). 

With increasing Bi thickness, both the un- 
paltemed and NHC films pass from insulating to 
superconducting states (Fig. 1, A and B, respec~ 
tively), In each case, the sheet resistance RUT) 
transitions from insulating-like (dR/dT < 0) to 
superconiducting-like (dRdT > 0) at the lowest 
temperatures, but the transitions differ in impor- 
tant details, The IST of the unpattemed film oc- 
cours first at dy, ~ 0.72 nm. Nearest its IST; the 
conductance of its insulating phase decreases 
logarithmically with decreasing temperature, in 
agreement with previous results on these amor- 
phous films (24). In contrast, the IST for NHC 
films occurs at dy = 1.27 nm, and its supercon- 
ducting state emerges from an insulator whose 
resistance rises exponentially to the lowest mea~ 
surement temperatures (Fig. 1C). In the thine 
nest films, tis rise is monotonic, whereas closer 
to the IST, a minimum intercedes. The lowest- 


temperature data fit well to R = Roexp(To/ 7%, 
with z =1 and asingle Ro~6.2 Q. Data from the 
seties of NHC films with nase 23 nm show that 
the activated behavior extends to at least 0.1 K. 
‘The activation energies, To, decrease from 4 Kin 
the thinnest film to nearly zero at the IST. 

‘The magnetoresistances, RU), of insulating 
NHC films near the IST oscillate with a well- 
defined period, Hay = 0.23 T, which we have used 
to normalize the HY axis in Fig. 2A. Each RU) 
exhibits six or more discemible oscillations that 
decay into 3 rising background. The oscillations 
first appear at dg, ~ 1.16 nm, near where the 
minimum in the R(7) is developed. However, 
experiments on the smaller hole size indicate that 


the oscillations need not be associated with the 
development ofthe minimum. Figure2, Band C, 
show the A(7) at H= 0, Hyg/2, and Hy fora film 
‘with and without a minimum, respectively, each 
showing that the A(7) maintains an activated 
form #0, but To varies and is langer at f= 1/2 
than at f= 0 or 1, where f= His, By 
‘comparison, the prefactor Ry varies only slightly 
‘with field, Thus, the RU) oscillations primarily 
reflect To oscillations and correspondingly, their 
amplitude grows exponentially as T decreases, In 
addition, Fig, 2, Band C, show thatthe amplitude 
of the magneto-oscillations decreases. with in- 
creasing normal state resistance, Finally, Fig. 3 
exhibits the variation of 7y(0), Ty(1/2) and the 
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Fig. 2. Magnetic field effects on transport. (A) Normalized magnetoresistance oscillations for one of the 
NHC films (no. 6) at three diferent temperatures. The frustration axis has been normalized by h/2eS, 
where S isthe area of a unit cel (see Fig. 18). (B) Arrhenius plot of resistance for the same film, showing 
that the magnetoresistance oscillations in (A) arise as a result of oscillations ofthe activation energy with, 
‘magnetic field. Dashed gray lines are fits to the data. f= O data are shown as solid circles, f= 1/2 as open 
circles, and f = 1. as squares. (C) Difference in resistance observed in different fields as a function of 
temperature in a film with rise = 23 rim and no minimum in the R(T.H = 0) shown as an inset. 


Fig. 1. Electronic transport. (A) EAT 

IST of unpatterned a-Bisb films | A BS ja 
Produced simultaneously with 4g easing || 4 ho 

NHC films, From top to bottom, Thick 5 a 
dy, = 0.57, 0.59, 0.63, 0.65, =| 
0.67, 0.69, 0.7, 0.74, 0.81, and gop 6 jog 
0.95 nm. There is no deviation — H 
in this data from that in the 210" Ho 
literature. (B) IST of o-Bi/Sb 3 
NHC films with dy, = 1.09, 10% ‘a ho 
1.13, 1.16, 1.17, 1.20, 124, 

1.27, 13, and 1.32 nm from top 42 10? 

to bottom. Lines are guides to 10" 1° 10" 10° 


the eye. (C) Arthenius plot of 
resistance versus inverse tem- 
perature for the insulating films 
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in (B) and fits to the Arthenius form (gray dashed lines). The hatched area reflects the range of transition temperatures for the unpatterned films for 
this range of thickness, Films 1 to 7 have activation energies To = 4.05, 3.30, 2.30, 1.62, 1.05, 0.30, and 0.08 K, respectively. 
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Fig. 3. Energy scales derived from the data (nue = 
27 nm), Activation energies in f = 0 are shown as 
solid circles. For those films eshibiting magneto- 
resistance oscillations, activation energies for f = 
‘V2 are shown as open circles, The critical tempera~ 
ture for unpatterned films is shown as diamonds, 


‘mean field transition temperature ofthe reference 
film Tro (24) with dy. It illustrates the range over 
which the combination of oscillations and expo- 
rnential localization has been observed and suggests 
that the IST occurs as 7)(0) —+ 0 with metallicity 
[R(T f= 0) = Re = Ro} at the critical point. 

‘These observations imply that the insulating 
phase near the IST consists of localized Cooper 
Pairs that are phase-coherent over distances ex- 
ceeding the interhole spacing. The period Hy = 
N/2eS corresponds to one superconducting ux 
‘quantum, @y = A?2e, per unit cell are, S, of the 
array (fig. SIB), consistent with Cooper pairing 
(20, 27), Inthe range of dy where oscillations are 
observed, J. is comparable to the temperature at 
hich R(7) begins to decrease, strongly suggest- 
ing that pairing fluctuations begin ata relatively 
high temperature (9) to enhance the conductance. 
Subsequently, pairs form, becoming locally phase- 
‘coherent and spatially localized at low temper 
tures. We should add that localized Cooper pairs 
‘might also be present but not detectable in thinner 
films if their localization length is less than the 
interhole spacing. 

‘The data indicate that Cooper pairs not only 
influence the transport process in the insulating 
films but, infact, are the primary charge carriers. 
Fist, the continuous variation and sizeof Ty near 
the IST tends to rule out a quasi-particle transport 
mechanism of the type exhibited in some gran- 
lar films (25), The superconducting energy gap 
Ao = 1.7 knTen (J) is the expected activation 
energy for quasi-particle tunneling. Here Ao ist00 
large (1.7 kiTeo >> Ta) and varies too litle over 
the dy, range of the oscillations to be associated 
with To, Second, the amplitude and phase of the 
magnetoresistance oscillations support a Cooper 
pair transport process. Oscillations with an h2eS 
period can also occur in both weakly and strongly 
localized normal metal systems. In both cases, 
their amplitude is very small (<1%) compared 
with those observed here (26). This difference 
reflects the much shorter phase-coherence length 
for single clectrons as compared to that for Cooper 
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pairs. Moreover, the phase of the oscillations in 
the strongly localized case is such that R() first 
decreases (26), opposite to that in Fig. 2A. 
Instead, the phase here is consistent with ficki- 
induced screening currents reducing the effective 
Josephson coupling in the films (27) and thus 
decreasing the coherence of the Cooper pairs. 

The activated resistances and To(H) oscilla 
tions are reminiscent of those observed in 
lithographically defined Josephson junction 
arrays (JJAs) (28), where Cooper pair localiza- 
tion (CPL) naturally occurs if Coulomb inter- 
actions dominate Josephson coupling processes 
4,28). This qualitative agreement suggests that a 
similar competition drives CPL in NHC films. n 
IAs, wellefined inter-island capacitances con- 
twol the repulsive charging enemies, Eo, and 
inter-island tunneling rates contrl the Josephson 
coupling energy, £5. Tuning E, < Ee creates a 
localized Cooper pai phase characterized by an 
activation energy that depends on Ec and 
oscillates with magnetic field. The field 
dependence suggests that an additional “phase” 
or Ej term also contributes to the activation 
energy (27), In NHC films, the links between 
nodes could dictate E An estimate of Eo, 
however, indicates the necessity to consider more 
than a “lumped element” model to deseribe the 
NHC film CPL. Specifically, taking the nodal 
regions in the honeycomb amay 10 be islands of 
diameter L = 30 nm, the estimated charging 
‘energy is Ec= 4e"/egel. = 10" Ke, where ¢ is the 
dielectric constant and eo is the vacuum permite 
tivity, Even for e as large as 100, Ee far exceeds 
all pairing-energy scales (for example, Zzo=2 K) 
and thus cannot be directly relevant to this com- 
petition. Alternatively, this calculation implies 
that the pairs localize to islands that encompass a 
large number (thousands) of holes and thus are 
not associated with any obvious structure. 

‘The data suggest that superconducting 
islands, without relation to any structure, may 
spontancously form near the IST as experiments 
(24, 29) and theory (/4) suggest, through 
disorder-induced fluctuations in the amplitude 
of the onder parameter (/4). This tendency to 
form islands and their influence on the IST could 
be accentuated by the NHC substrate, The reduc 
tion in film area caused by the holes can inhibit 
“percolation,” and the small thickness variations, 
Badd, = 20% due to the undulations in the 
substrate (23), may enhance order-parameter 
variations. Using Tidda,) at 2 K (Fig. 3), we 
estimate this contribution to order-parameter 
variations, 57zy/Too. to be as large as 40%. 

‘The coincidence of the 2e-based oscillations 
‘with activated resistances and “quasi-reentrance” 
suggests the later two observations as possible 
signatures of boson localization in unpattemed 
films. Interestingly, activated resistances (7) and 
‘quasi-reentrance (6) appear in the magnetic field 
tuned IST of indium oxide, which those authors 
suggest is driven by CPL. These similarities 
seross materials and ISTS hint that the NHC 
patterning and the application of magnetic fields 


REPORTS [ 


induce similar Nuctuations of the order-parameter 
amplitude. Moreover the present results both 
provide the clearest example of Cooper pair 
localization in an amorphous system to date and 
suggest a general approach to directly detectin 
their presence in other nonsuperconducting 
systems such as underdoped high-T. super- 
‘conductors above T; (18). 
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End-to-End Stacking and Liquid 
Crystal Condensation of 6-to 
20-Base Pair DNA Duplexes 


Michi Nakata, *} Giuliano Zanchetta,”* Brandon D. Chapman,’ Christopher D. Jones,” 
Julie 0. Cross,* Ronald Pindak,* Tommaso Bellini,”¢ Noel A. Clark’ 


Short complementary B-form ONA oligomers, 6 to 20 base pairs in length, are found to exhibit 
nematic and columnar liquid crystal phases, even though such duplexes lack the shape anisotropy 
required for liquid crystal ordering, Structural study shows that these phases are produced by the 
end-to-end adhesion and consequent stacking of the duplex oligomers into polydisperse 
anisotropic rod-shaped aggregates, which can order into liquid crystals. Upon cooling mixed 
solutions of short DNA oligomers, in which only a small fraction of the DNA present is 
complementary, the duplex-forming oligomers phase-separate into liquid crystal droplets, leaving 
the unpaired single strands in isotropic solution. in a chemical environment where oligomer 
ligation is possible, such ordering and condensation would provide an autocatalytic tink whereby 
complementarity promotes the extended polymerization of complementary oligomers 


he ability of duplex DNA to form liquid 
| crystal (LC) phases when hydrated has 
been known since the late 1940s and 
played a crucial role in deciphering its structure, 
tnabling alignment of the DNA. chains and 
yeasurement of the x-ray structure factor of a 
ngle chain uncomplicated by interchain come. 
lations (J-3). Since that time, the LC phases of 
solutions of duplex B-form DNA (B-DNA) have 
ben extensively characterized by optical (4-9), 
x-ray (/0), and magnetic resonance (17, 12) meth 
ods for chain lengths Ny ranging from mega 
base pair (bp) semiflexible polymers down to 
approximately 100 bp rigid rodlike segments, 
comparable in size to the B-DNA bend persist- 
ence length, A, ~ 50 nm (/3). These studies of 
long DNA (IDNA) have revealed an isotropic 
phase (1); chiral nematic (N), uniaxial columnar 
(Cu), and higher-ordered columnar (C:) liquid 
crystal phases; and crystal (X) phases, with in- 
creasing DNA concentration 
The appearance of such LC phases has been 
accounted for theoretically by modeling B-DNA 
1s a repulsive rigid or semiflexible rod-shaped 
solute, The basic model is Onsager's treatment 
of monodisperse repulsive hard rods (length 2, 
diameter D) (14), which, if they are sufficient- 
ly anisotropic in shape, nematic order for vol 
tume fraction > y= 4D/L = 24/N (D~2nm, 
L~NB nm for B-DNA). The complete computer- 
simulated phase diagram for hand rods by Bothuis 
and Frenkel (/5) quantitatively confirms this 
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prediction for L/D > 4,7 (N > 28 bp) and also 
shows that for L/D <4.7 there should be no LC 
phases at any @. We were therefore surprised to 
find nematic LC ordering in short B-DNA du- 
plexes (sDNA) of length 6 bp <N'<20 bp, with 
the nematic phase appearing for N values an 


Fig. 1. Optical textures of the LC 
phases of a series of solutions of 
SONA of increasing length obtained 
by depolarized light microscopy. 
Samples thickness is in the range 
4 um <t-< 8 ym, between glass 
Bates. Isotropic () regions are black. 
The chiral nematic phase (N) appears 
a fluid birefringent domains when 
its heli pitch i a few microns or 
longer, or, when the pitch shorter 
than ~400 nm, as a Grandjean 
texture with “oly streaks” exhibiting 
Visible light selective reflection from 
the macroscopic optic axis hel (8 bp, 
10 bp). The columnar Cy phase is 
identified by its smooth develop- 
able domains, a consequence of the 
uniaxial symmety and splay ex- 
pulsion of the columnar ordering. 
At yet higher ONA concentration, 
the C;_ phase exhibits dendritic 
growth forms, indicative of lover 
symmetry and more solidlke order- 
ing. The width of each image is 
120 ym. 


‘order of magnitude smaller than those predicted 
from wrx, precluding ordering by the Onsager- 
Bolhuis-Frenkel (OBF) criterion, A similar con- 
clusion was reached by Alam and Drobny in 
attempting 10 account for a magnetically re- 
‘orientable, orientationally ordered phase in nuclear 
‘magnetic resonance studies of a B-DNA dode- 
‘camer (12). Additionally, we have observed co- 
lumnar LC ordering for these oligomers, which 
is also notable, because in the hard-rod models 
(15), the only translationally ordered LC phase 
appearing is the lamellar smectic A (SmA). We 
show that the observation of the nematic and 
‘columnar LC phases provides clear evidence for 
cendto-end stacking of the sDNA into rod-shaped 
aggregates. The sensitivity of the aggregation to 
complementarity leads directly to a means of 
Phase separation of complementary SDNA due 
plexes from a solutio 
noncomplementary ol 

‘We studied the series of self-complementary 
'SDNA duplex-forming “palindromic” oligomers 
shown in Fig. 1, along with a varity of noncom- 
plementary and patially complementary oligo- 
mers (/6). SDNA solutions in gaps of thickness £ 
between glass plates (4 jum << 8 pm) were 
observed by (i) depolarized. transmission. light 
microscopy (DTLM) to probe optical textures, (i) 


increasing DNA concentration ——> 
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‘optical reflection interferometry (ORD to mea- 
sure reffactive indices and thus DNA concentra 
tion c (mg solate/ml solution), and (il) synchrotron 
microbeam x-ray diffaetion (XRD) to probe local 
‘molecular organization, Despite the challenges 
presented by the extemely small sDNA sample 
quantities available, these techniques provided 
‘unambiguous evidence for the Nand Cy liquid 
crystal phases in the sDNA solutions. At higher 
concentration, more ordered C3 and X-like 
phases, which are yet to be characterized, were 
also found. Figure 1 shows DTLM images of 
the typical textures, Observation of the local 
‘optical texture and ORI measurement of the 
Jocal concentration of the palindromic oligomers 
enabled construction of the N-c phase diagrams 
of Fig, 2 and figs, SI and $2 (/6). Figure 2 
combines the phase boundaries measured for 
SDNA with those obtained from the literature for 
IDNA (fig. SIA), along with the predictions 
from the Onsager and other models of inter- 
acting semiflexible rod-shaped particle and ag- 
negate solutes (fig. SUB), The sDNA solutions 


g g 


8 


DNA concentration, ¢ [mg/ml] 


exhibited thermotropic mesomorphism, melting 
at sufficently high temperature, Z; to the optically 
‘soropic liquid (1) phase. This is shown in fig. S2, 
where we plot Tic the highest T at which the N 
and Cy phases are found. Tc grows with N and, 
{for each oligomer, is higher for the Cy phase (6) 

Figure 2 shows that LC phases are found in 
the sub-Onsager region of the phase diagram of 
SDNA where they are not expected on the basis 
of duplex shape. When analyzed in the context 
of the extensive body of theory of the phase 
behavior of interacting rods, semiflexible poly- 
mers, and self-assembled linear aggregates, this 
phase diagram presents clear evidence that the 
origin of the LC phases in sDNA is the 
quiltrium endto-and physical ageregation (liv 
ing polymerization) of short duplexes into 
extended duplex units that are long and rigid 
enough to onder. The key observations are as 
follows: (i) The sDNA LC phases have all the 
basic feauures of the LC ordering of IDNA: N 
phase, a state of negative optical anisotropy, 
miscible with the IDNA nematic and exhibit- 
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Fig. 2. Experimental c (ONA concentration, mg solute/mt solution) - WM (oligomer length) phase behavior 
for short and long DNA (SONA and IDNA, respectively) (fig. 51, along withthe theoretical behavior from 
several models of interacting rodlke partides (ig. S1B). (A) The sobd red triangles and sobd red curve 
bound the measured I-N phase coexistence for [DNA WW > 100) (8, 12). The sold red circles and red dotted 
line give the measured N-Cy phase boundary of [DNA (7, 10). For I < 20, phase transitions from our data 
ae marked by red open symbols (-N, triangles; N-Cu, cicles Cy-C., squares), and the range of each phase 
is indicated by colored columns 0, magenta; N, cyan, Cy. yellow), at T= 20°C for 20 > N > B and T= 10°C 
for N = 6, The range of the N= 12 LC phase of (22) & given by the solid red rectangle. Theoretical phase 
boundaries for these transitions from madel systems are shown for two choices of the volume fraction @ 


axis, one with the DNA effective electrostatic diameter D = 


.0 nm (heavy black linestabeld), applicable at 


low c, and the other with the DNA chemical diameter D = 2.4 nm 21) theawy orange linesAabels), 
applicable at high c, ie., small N. The D = 40 nm phase diagram [black OBF I-N line and dashed black 
TBB N-C, line (fig $2) (25, 17-29)] accounts well for the IDNA I-N and N-C, data. The open and closed 
green dots represent, respectively, the spherical particles ofthe Lu and Kindt simulations [L =D = 4.0m 
(al), and their effective aggregate lengths (W) atthe IN transition. (B) The c-N phase diagram of (A) but 
with scaled with respect to cy.cu, enabling an estimate of the length (W) (purple diamonds), and 
aggregation number (a) (blue arrows in the sDNA aggregates. 
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ing a chiral helical precession of the director 
‘producing Bragg reflection (Fig. | and fig. $3); 
C, phase, at higher concentration, an optically 
‘uniaxial phase exhibiting an XRD structure of 
hexagonally packed columns lacking positional 
correlation along their axes (fig. S4). (ii) Ne- 
‘matic and columnar LC ordering can be induced 
in weakly anisotropic solutes by equilibrium end- 
to-end selfsassembly, that is, living polymeriza- 
tion of the oligomers into linear chains of particles 
(17-19), Computer simulations (18-20) show 
that for sufficiently rigid aggregate chains, the 
[EN transition occurs according to the OBF pre- 
diction if the average aggregate length <L) is 
used in the OBF model [green dots and con- 
struction in Fig. 2A (/8)). Rigidity is a key 
requirement, because even ly Jong flex 
ible hard rods (2/) must have a sufficiently tong 
persistence length for a nematic phase to appear 
(Ay > ~10 D), Gili) Endto-end adhesion sup- 
presses the lamellar SmA phase predicted for 
monodisperse hard rods by favoring end-to- 
‘end rather than side-by-side positional corre- 
lations and by introducing unavoidable length 
polydispersity into the ordering units, both ef 
fects reducing the entropic five energy gain of 
lamellar ordering, (iv) Estimates of the stacking 
energy between duplexes are consistent with 
cend4o-end attraction resulting from the hy<dno- 
Phobicity of the faces of their terminal base 
pairs (/6, 22). This sort of assembly is familiar 
in crystalline SDNA (23) and in sDNA/protein 
complexes (24, 25), as well as in chromonic 
LCs (26), and has been extensively studied for 
particular DNA bases; for example, guanosine 
forms H-bonded tetramers, which aggregate 
into stacks (27), We show here that such aggre- 
gation, sketched in Fig. 3A, can have a sub- 
stantial effect on the organization and phase 
behavior of Beform DNA. Although the due 
plexes individually are not anisotropic enough 
in steric shape to produce LC phases, the hy- 
rophobic ends cause the formation of much 
‘more anisotropic assemblies that can orienta- 
tionally and positionally order. 

Figure 2A shows that the IDNA I-N phase 
boundary measured for 100 bp <.N-< 8000 bp 
(8, 11) is in reasonable agreement with the 
simple Onsager rigid-rod limit (OBF line, fig. 
SSI) if the effective double-helix diameter is taken 
40 be Day = 4.0 nm to account for the electro 
static repulsion between chains at low c (8). The 
choice De = 4.0 nm also puts the IDNA ex- 
perimental N-Cy: phase boundary (7, 10) at 
@x.cy ~ 0.55, in agreement with models of 
long polydisperse rods [Taylor, Bates, Bohle 
(TBB) line} (fig. $1) (17, 28, 29). However, as 
the oligomer length is decreased, the Cy) phase 
and the nematic phase persist for duplexes as, 
short as V = 6, although the c required to 
‘obtain these phases increases with decreasing 
N. For N = 6, the N-Cy transition is found atc 
1,200 mg/ml, about two-thirds that of neat 
duplex DNA coxa = Pox = 1.800 mg/ml (30). 
Thus, the LC phases of the oligomers of 
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smallest V may be better viewed as being like 
thermotropic LC phases, their interaxial distance 
approaching the chemical diameter (/0, 31) 
\where steric repulsion dominates the interchain 
interactions. Hence, the increasing s.cu 
observed with decreasing NV indicates that the 
effective chain diameter decreases, evolving 
from D ~ 40 nm to D ~ 24 nm. This change 
shifts the model phase boundaries in Fig. 2A to 
higher concentration (black  seale — orange 
1p scale) to account for the increased concentra 
tion necessary for LC phase formation, The 
‘open green dots represent the spherical particles 
of Lu and Kindt (8) (L= D = 4.0 nm), and the 
construction with the closed green dots gives 
(N), the effective lengths in base pairs of the 
aggregates at which the N phase appears in their 
simulations. These lengths match the OBF line 
Well, indicating that the model ageregates: be- 
have effectively as hard rods, justifying the sim- 
ilar construction in Fig. 2B. 

This effective diameter variation is scaled 
cut in Fig, 2B, where the ¢ axis is normalized 
by eeu; assuming the sDNA concentration at 
the N-Cy transition (cx.cy) {0 correspond, for 
cach oligomer, to an effective volume fraction 
we ~ 0.55 (17-19). That is, we select the 
appropriate D for a given oligomer by requiring 
the N-Cy transition to occur at @ ~ 0.55. Figure 
2B then enables analysis of the sDNA endo- 
end stacking, because once the effective volume 


Fig. 3. (A) Nano-length B-DNA du- 
plexes can be idealized a5 hydro- 
Dhilic cylinders. with hydrophobic 
ends capable of end-to-end adhe- 
sion and stacking into units suff- 
ciently anisotropic to orientationally 
and positionally order into LC phases. 
‘The N phase & formed at lower con- 
centration and the Cy phase at higher 
concentration. (B) Upon cooling a mix- 
‘ture of complementary (yetlowigreen) 
and noncomplemertary (elowerange) 
singlestranded sDNAs, the comple- 
‘mentary oligomers base pai to form 


faction is held by the strict requirement placed 
by the N-Cy transition, the amount of linear 
ageregation can be evaluated by horizontally 
projecting the IN dats points onto the black 
OBF line (blue arrows) for linear aggregation. 
The blue arrow construction thus gives an 
estimate of (V) (purple diamonds), and (a) (blue 
‘arows), respectively the mean number of base 
pairs and the mean number of duplex oligomers 
in an aggregate necessary 10 generate an 
Onsager nematic. For N = 6, 8, 10, 12, 14, 16, 
and 20 bp, oligomers (a) and (NV), obtained 
from Fig. 2B, are, respectively, (a) ~ 12, 9,9, 8, 
1, 6, and 9 bp and (N’) = 75, 80, 87, 97, 100, 
160, and 180 bp. The decreasing aggregate 
length needed for nematic order for shorter 
oligomers isa result oftheir higher concentration, 
‘The aggregation number does not depend 
strongly on NV. Figure 2B also shows that the 
nematic range decreases, and thus that the 
flexibility of the aggregates increases with 
decreasing N (20, 2/). 

From these lengths and the sDNA concen- 
trations, itis possible to estimate the end-to-end 
stacking energy AEs between the duplexes, 
where AEs represents the difference between 
the energy of a stacked pair of duplexes relative 
(o their mean status, which is strong repulsion, 
as shown by the substantial osmotic pressures 
in the N and Cy, phases in the experiments of 
Poxgornik et al. (/0). Estimates for AE's from 


duplexes, which then assemble as in 
(A) and phase-separate into LC do- 
mains, One way to achieve this is 
shown in (C), a 1:20 [Y (cyan: Z 
(magertal] mixture of mutually com- 
plementary, but not self comple- 
mentary, 12-nucleotide oligomers. 
Duplexes form upon cooling below 
their denaturation temperature Ing 
and the LC phase appears below Tic 
‘through a first-order phase transition, 
in this case a Cy phase. With one of 
the oligomer species in excess, in 
this case Z, the transition to the LC 
phase is marked by the appearance 
of isolated LC (Cy) domains that 


C _ cane + imate wo ect | 


sequester all of the other comple- 


‘mentary oligomer, in this case Y, into LC droplets. (Q showsa resulting DTLM image of LC domains. n the 1:10, 
ase, the LCbirefringence (comparable to that ofthe Cy phase in a 1:1 mixture) and the ~7% ares occupied by 
LC domains is consistent with an essentially complete condensation of Y oligomers into the LC phase. 
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expressions proposed to describe the living 
polymer mean ageregate length (/8, 22, 32) 
lead 0 4 kT < AEs < 8 kaT" per contact 
[cquations $2 t S5 (/6)], in addition to TAS, 
~ 6 kgf, the minimal orientational fiee enengy 
cost of establishing common duplex axes in an 
aggregate (equation S1), None of the estimates 
show significant N’ dependence. 

‘The requirement of developing sufficient shape 
anisotropy and rigidity in the aggregate units 
‘puts considerable constrains on the sDNA struc- 
ture in order for LC phases to appear, Thus, se- 
quence substitutions reducing the ability of the 
DNA duplexes to form linear rigid ageregates 
will reduce the stability of the LC phases. For 
‘example, the addition of unpaired bases at the 
SDNA duplex ends, eliminates LC ordering by 
weakening end-to-end adhesion (/6), This inter- 
play of sequence and LC ondering leads to a 
remarkable means of condensation of comple- 
mentary sDNA duplexes from mixed solutions 
‘of complementary and noncomplementary oligo- 
mers. This process is sketched in and demon- 
strated in Fig, 3C for a mixture of the mutually 
complementary, but not sclf-complementary, 
CCTCAAAACTCC (Z) + GGAGTTTTGAGG 
(¥) 12-nucleotide oligomers, In such a solution, 
AC T< Tey the DNA denaturation temperature, 
the complementary pairs form rigid: duplexes, 
that have a tendency to aggregate end-to-end, 
whereas the noncomplementary oligomers re- 
main as flexible single strands. The LC ordering 
shows up via a firstorder phase transition in 
Which the appearance of the LC transition is 
accompanied by nearly complete phase separa 
tion of the duplexes into the LC domains, with 
the highly flexible (33) single strands left 
‘bound in the isotropic phase, This phase sepa 
ration can be understood on the basis of either 
the depletion interaction (34) or the im= 
miscibility of rigid and flexible polymer solutes 
(35, 16), If there is a large excess of noncom= 
plementary oligomers, in this case cy/cz * 10, 
the LC phase appears as isolated drops (Fi 
3D). The dependence of the phase behavior on 
and c, the area of the droplets, and the sim 
ilarity of their birefringence to that of the Cy 
‘phase in complementary solutions indicate that 
the duplexes are essentially insoluble in the 
isotropic and that the single-stranded DNA is 
essentially insoluble in the LC, as expected 
from theory (35), 

This LC ordering thus requires the end-to- 
end stacking of the duplex sDNA into semirigid 
linear aggregates, which in tum means that 
within the LC drops the terminal groups on 
neighboring oligomers are close 10 each other 
and thus that their effective concentration is 
much higher than in the surrounding isotropic 
(16). This observation has potential implications 
for the prebiotic chemical generation of com= 
plementarily H-bonded molecular assemblies. In 
the presence of appropriate ligation chemistry, 
inorganic catalysts, for example (36), this 
‘concentration enhancement should strongly pro- 
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‘mote ligation in the LC phase relative to that in 
the isotropic. Additionally, every ligation in the 
LC phase produces an extended complementary 
oligomer. In this case, the formation of the LC 
phase by the complementary duplexes has the 
‘autocatalytic effect of establishing conditions 
that would strongly promote their own growth 
into longer complementary chains relative to the 
non-LC-forming oligomers, The fact that the 
liquid crystal ordering is found to depend sen- 
sitively on complementarity introduces selectivity 
into this process and means that the overall 
structure of the complementary assemblies gen- 
crated will actually be templated by the liquid 
crystal geometry. This appears to have been the 
case for the linear rodlike structure of base~ 
paired polynucleotides 
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A High-Frequency Secondary Event 
During the 2004 Parkfield Earthquake 


Bettina P, Allmann* and Peter M. Shearer 


By using seismic records of the 2004 magnitude 6.0 Parkfield earthquake, we identified a burst of 
high-frequency seismic radiation that occurred about 13 kilometers northwest of the hypocenter 
and 5 seconds after rupture initiation. We imaged this event in three dimensions by using a 
‘waveform back-projection method, as well as by timing distinct arrivals visible on many of the 
seismograms. The high-frequency event is located near the south edge of a large slip patch seen in 
most seismic and geodetic inversions, indicating that stip may have grown abruptly at this point. 
‘The time history obtained from full-waveform back projection suggests a rupture velocity of 2.5 
kilometers per second. Energy estimates for the subevent, together with long-period slip inversions, 
indicate a lower average stress drop for the northern part of the Parkfield earthquake compared 
with that for the region near its hypocenter, which is in agreement with stress-drop estimates 


obtained from small-magnitude aftershocks. 


he 2004 magnitude (M) 6.0 Parkfield 
earthquake on the San Andreas Fault 
(SAF) in central Califomia was well 
recorded by a dense network of seismic and 
geadletic sensors installed in anticipation of this 
event. The wealth of available data permits 
studying the rupture process of a moderate-sized 
crustal earthquake in detail. Results to date show 
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that the earthquake ruptured about 20 km 
northward from the hypocenter over about 10 s. 
However, ground accelerations near the fault 
exhibit large variations, and the high-frequency 
(HE) waves radiated by the earthquake are not 
yet fully understood. We show that a lange burst 
Of HF energy occurred about 5 s into the earth- 
quake, as seen both in fullwaveform back 
projection of tong motion data and in the timing 
of a clear secondary arrival that is observed on 
many of the records. 

We used acceleration data from the General 
Earth Observing System (GEOS) array, the 
California Geological Survey (CGS) array, and 


the US. Geological Survey (USGS) Parkfield 
dense scismograph array (UPSAR). These 
‘overlapping arrays were installed in the Parkfield 
‘region over the past 2 decades in order to record 
fan expected M 6,0 earthquake (/), The CGS 
aay consists mostly of analog, stations that are 
triggered on the shear wave (S) arrival. These 
data are available in digital form with a 200-Hz 
sample rate (2). Altogether, there are 73 strong, 
‘motion records from these networks in a 204km 
radius around the Parkfield rupture area. 

These data have been used to characterize 
strong ground motions from the mainshock and 
{o invert for time-dependent stip models. These 
inversions are generally performed at relatively 
Jong periods because of the difficulty in fitting 
the more variable and incoherent HE part of the 
records. A different approach for imaging the 
earthquake rupture is by means of a back 
[projection of the seismic waveforms into the 
Volume surrounding the rupture (3), This methoxt 
‘was first applied to rupture imaging of the 2004 
‘Sumatra-Andaman earthquake with the use of 
teleseismic P records (4), For Parkfield, we 
stacked S waves on the north component from 
{68 out of 73 local strong-motion records along, 
the traveltime operator obtained by ray tracing 
from each image point to each receiver through a 
reference one-dimensional (1D) velocity model, 
We forced the onset of waveforms to focus atthe 
known hypocenter location of the mainshock by 
applying a static correction for each S arrival 
before stacking. This comects for time shifts 
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caused by 3D velocity structure along the ray 
paths, Assuming that the static shifts are time- 
invariant and dominated by near-surface velocity 
variations (3), the backstacked energy at times 
later than the onset of the S wave train will stack 
coherently and image the rupture process in 
space and time. Before back projection, we 
integrated the records 1 velocity, bandpass 
filtered the data between 2 to 8 Hz, and applied 
‘an automatic gain control (AGC) over a 10-s 
‘window in order to equalize the amplitudes ofthe 
records (3). We tapered the influence of stations 
near the perimeter ofthe aperture with a distance- 
dependent weight to reduce migration artificts 
3). The impulse response of our source-re 
goometry and the effect of artifacts are shown in 
‘more detail in the Supporting Online Material 
(SOM) text and in figs. SI wo $3, 

A secondary event occurring 5 s after rupture 
initiation is the clearest signal seen in our back- 
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projection results (Fig. 1) and is robust with 
respect to changes in the stacking method. Aside 
fiom the enforced maximum at the hypocenter 
(Fig. 1A), we observed a secondary maximum 
between 6- and 8-km depth ata distance of 1210 
14 km northwest of the hypocenter (Fig. 1B), 
Within the resolution constraints discussed in the 
SOM text, we observed the maximum focus of 
the subevent slightly tothe southwest ofthe SAF, 
which is consistent with the fault geometry 
deduced from the aftershock distribution (5), 
Note that the amplitude of the peaks in these 
images is not necessarily proportional to the 
radiated energy of the events because of the AGC 
fikering as well as defocusing effects for the 
secondary event caused by uncertainties in the 
velocity model. Investigation of the time history 
(SOM text and fig. $4) suggests that any rupture 
in the area between the hypocenter and the 
subevent radiated much less seismic energy in 
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the investigated frequency band. However, our 
results cannot resolve whether small amounts of 
HE radiation were emitted continuously as the 
‘rupture propagated from the hypocenter to this 
northem high-energy point or whether the 
‘rupture was discontinuous and the subevent was 
triggered by seismic waves from the hypocenter 

‘The secondary event can also be detected as a 
distinct HF arrival in the S-wave coda in reconds 
from many, but not all, stations in the area, The 
event is visible (Fig. 2) not only as an S-wave 
arrival on local strong-motion stations but also as 
«8 P-wave arrival on some stations of the Southem 
California Seismic Network (SCSN) at regional 
distances greater than 100 km (Fig, 2 inset) 
Notably, we observe that the eventis best seen on 
stations to the south and east of the rupture zane. 
Moreover, compared with the S arrival from the 
Ihypocentr, the delay time of the secondary event 
is largest for stations south of the mainshock 
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Fig. 1. Stackof backprojected amplitude for two 1-s time slices in comparison 
to the 66% and 95% confidence intervals (dashed) of the subevent location 
from travel time inversion (yellow star for a cross section along the fault (top) 
and a mapview at the depth of the respective maximum (bottom). Red stars 
denote the hypocenters ofthe 1966 and the 2004 Mt 6 Parkfield earthquakes. 
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Triangles denote strong-motion stations and the location of the San Andreas 
Fault Observatory at Depth (SAFOD). The surface trace of the SAF is shown as a 
‘ed line. (A) Stack between 0.5 s to 1.5 s, where we obtain a focus at the 
hhypocenter.(B) Stack between 5.5 s to 6.5 5, where we obtain a focus at the 
subevent. The normalized amplitude is increased by a factor of 1.6 for (). 
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epicenter (Fig. 3). At local stations, the event is 
only visible in the $ wave trin on the horizontal 
components, whereas it is visible in the P wave 
train at regional distances, following the P, phase 
fiom the hypocenter at an approximately constant 
delay time (Fig. 3, bottom). 

We picked the differential arrival times 
between the mainshock and subevent S arrivals 
for 15 local stations, as well as between the 
mainshock and subevent P, amrival for five re~ 
gional stations that clearly show secondary 
amivals, In order to locate the subevent, we 
performed a grid-scarch inversion of the differ- 
ential travel times forthe origin time and location 
of the secondary phase with respect to the known 
location and origin time of the hypocenter (3) 
We observed a bestfiting location for the 
nucleation zone of the subevent about 12.5 km 
‘along the fault plane to the northwest of the 
hhypocenter at a depth of about 6.1 km (Fig. 4), 
‘The subevent location is offSet to the southwest 
of the fault, although the 95% confidence interval 
includes the main fault trace (Fig. 1B). The 
inverted origin time of this subevent is 4.95 s 
(+ 0.1 § SD) with respect to the mainshock 
rupture initiation, The best-fiting subevent loca 
tion resulting from this inversion agrees well with 
the back-projection image (Fig. 1B). To check 
our result, we forward-calculated travel times for 


the bestfitting subevent location (Fig. 3) and 
observed a generally good fit to the picks. 
From our results, we can make a number of 
inferences about the secondary event. First, we 
can reject the possibility of this event being a 
reflected phase fom the free surface or from the 
Mohorovicié discontinuity (Moho) because, in 
this case, the inversion result would have located 
the event in a mirror point either above the free 
surface or below the Moho. Second, it is 
reasonable to assume that the subevent is part 
of, or has been triggered by, the mainshock 
because dividing its distance from the mainshock 
hypocenter by the inverted origin time difference 
gives a reasonable value of 2.5 km/s as an 
estimate of the average rupture velocity. Third, 
due to the northward-propagating rupture of the 
mainshock, the travel times for stations to the 
‘north of the subevent are very close to the arrival 
times of the hypocenter. This explains why the 
subevent is not distinguishable on stations to the 
‘north: For these stations, the subevent is buried in 
the coxa ofthe initial hypocenter pulse. However, 
it is not clear why the subevent is seen more 
distinctly on stations east of the fault compared 
with those 10 the west. Because of the lack of 
clear observations of the secondary arrival at 
stations 10 the north, the P, observations 40 the 
south are critical for obtaining a reliable location 
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for the subevent. With local S arrival times alone, 
there isa severe tradeoff between the event origin 
‘time and ts location along the fault. In contrast to 
the travel time inversion, the back-projection 
‘method is able to clearly resolve the location of 
the secondary event with only S waveforms from 
local stations and does not require observations at 
regional distances, The close agreement seen in 
the location of the subevent between the two 
methods (Fig. 1) provides a good check on the 
intemal consistency of the observations, 

Sources of HF arrivals during the Parkfield Mf 
{6.0 rupture have also been identified by applying 
an array beam-forming technique on records of 
‘thesmall-aperture UPSAR (6). The northemmost 
inferred source (Fig. 4C), withthe largest correla- 
tion and the largest acceleration pulse at the 
UPSAR array, likely is associated with our HF 
subevent (SOM text). The inferred average rupture 
\elocity of about 24 kr for this source is in good 
agreement with our abservation of about 2.5 kms 

Previous analyses of HF radiation from large 
ccanhquakes were often based on inversion of 
envelopes (7-9) and found sources of HF 
radiation located near the boundary of high sip 
zones, These inversions were limited to equal oF 
lower resolution than slip inversions of low- 
frequency waveforms, Observations of HF 
radiation of great subduction earthquakes found 


Fig. 2. Strong-motion 36.05 —_ 
stations in the Parkfield 
area and in southern Cali- 
fornia used in the investi- 
gation, Green dots denote 
stations where the sec- 
ondary phase can be seen 
clearly (arrows in seismo- 
gram), Blue squares de- 
note stations where the 
event is less prominent. 
Small black dots denote 
local stations where the 
event could not be visually 
detected. The displayed 
seismograms show 20 s of 
‘N-component acceleration 
data starting § sbefore the 
S fist arrival, bandpass- 
filtered between 2 and 8 
Hz, Red stars mark the 
epicenters of the 2004 
and the 1966 M 6.0 Park- 
field earthquakes, whereas 
the yellow star denotes the 
subevent location. The SAF 
surface trace and subsidi- 
ary faults are indicated by 
black tines. 
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sources of HF radiation near the end of the rupture 
but could not resolve whether the HF source was 
associated with the boundary of a slip patch or 
possibly with a stopping phase (10, 11). Previous 
studies all have in common that a specific fault 
plane geometry, on which slip or HF radiation isto 
be inverted, is assumed a priori. The study 
presented here differs in two aspects: (i) We ob- 
tained increased resolution by direct back propa 
gation of waveforms, thus omiting the step of 
forward-calculating and inverting individual wave- 
forms, anc! (ji) we performed the back propagation 
in 3D, which allows a volumetric mapping of 
seismic radiation sources and does not require an 
assumption about any particular fault plane. 


An important aspect of our result is the 
location of our subevent with respect 10 slip 
patches found in rupture models from long- 
Period data. Compared 10 the slip model of 
(12), which had been derived from a subset ofthe 
strong motion data used in our study at lower 
frequencies between 0.16 and 1 Hz (Fig. 4B), our 
subevent is located at the southem edge of the 
nnorthem high-slip patch. This observation is 
similar for a number of other slip models 
inverted by using various data and methods 
(1,13, 14,15), Ahough these differ considerably 
in the details, they all have in common a broad 
region of high slip about 10 40 20 km north of the 
hypocenter (Fig. 4C). However, there are some 
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Fig. 3. Record section of the 2004 Parkfield mainshock for 15 local CGS and GEOS stations (top) and 5 
regional SCSN stations (bottom) that clearly show secondary arrivals. The local data were bandpass-itered 
between 2 and 8 Hz. The local stations are aligned along the S-wave arrival, and the regional stations are 
aligned along the P, anval from the hypocenter (red sob. The blue crosses denote the picked secondary 
phase artvals for S and P,, The solid green curve shows the theoretical arrival of the inverted best-fitting 
suibevent location. Red and green dotted lines mark the theoretical P, arrival of the hypocenter and the 
subevent, respectively. All tations are sorted with respect to distance from the hypocenter from north to south. 
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fundamental differences between the data and 
‘methods used to locate the subevent and those 
‘used to invert forthe slip models. Geodetic con- 
straints on slip are based on the permanent co- 
seismic displacement scross the fault and say 
nothing about the dynamics of the rupture, Slip 
inversions fiom strong-motion data such as (/2) 
(Fig. 4B) are typically based on fikesed low- 
frequency waveforms below 1 Hz, On the other 
hhand, we find the clearest observations of the 
ssubevent at frequencies higher than I to 2 Hz (fi 
'S5), Theoretical results show that enhanced HF 
radiation likely emanates from areas of changes in 
slip and/or rupture velocity or direction (16) and is 
{therefore expected to occur atthe edges of the slip 
areas inverted from low frequencies (7), Numer- 
ical simulations based on published slip models 
(28) oF using complex. fiult geometries (19) 
indicate that HF energy radiation is concentrated 
near the initiation point of asperites or near 
changes in fault geometry, Comparison of our 
result with the slip model of (/2) (Fig, 4B) reveals 
‘that our HF subevent is located in an area of high 
slip gradient, which is consistent with the 
‘numerical results and suggests that the rupture 
may have broken an asperity at this point, thus 
initiating the lange moment release to the north 
seen in the long-period inversions, Geodetic slip 
models (Fig. 4C) are of lower resolution and may 
not be compared at this level of detail, even 
though we observed a consistent pattem among, 
‘them, Both (/2) and (6) report evidence for an 
increase in supture velocity toward the north, We 
cannot resolve any changes in rupture velocity 
‘between the two events from the time history 
(fig. S4), mainly because we do not observe 
continuous HF radiation. The distribution of 
seismicity in the rupture area remains station- 
ary before and after the 2004 Af 6.0 Parkfield 
‘earthquake (20), with the bulk of the micro- 
seismicity distributed along a "streak" between, 
4- and 6-km depth, and a "hole" below (2/) 
(Fig. 4A), We note that the slip area found by 
(/2) largely coincides with the seismicity hole, 
except for an area between $ and 12 km north 
of the hypocenter where little slip is observed. 
‘Our subevent is located within the seismicity 
hole, atthe transition between this area of small, 
slip nd. large patch of high stip to the northwest, 
pointing to.a change in slip amplitude as the main 
cause for the HF event, 

By estimating the average slip area and slip 
amplitude from the various slip models for the 
‘two slip patches near the hypocenter and to the 
north of the subevent, we can obtain an estimate 
‘ofthe sismic moment, Mo, associated with these 
slip patches. The models indicate that the bulk of 
the moment release occurred on the northem stip 
[patch with a seismic moment about 2 to 20 times 
higher than the slp area near the hypocenter, wit 
values of 6 x 10'7 to 9 * 10!” Nm, which 
correspond to-a magnitude of My =5.8t0 5.9 for 
the northem subevent. 

{in comparison, assuming that the radiated 
seismic energy, Ex. is proportional to our 
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observed amplitudes (SOM text), we observe 
that the northern slip patch radiates one to five 
times less energy than the mainshock. From Eg 
‘and Mo we can calculate the scaled energy (22), 
2 = Ea/M, Which is proportional to stress drop 
for a number of standard earthquake rupture mod 
els. The fact that the secondary event had a higher 
moment release than the initial event while re 
diating comparable or lesser amounts of seismic 
energy suggests thatthe northem slip event had & 


smaller average stress drop than that of the 
southem event. Our stress-drop results are 
‘consistent with the location of the subevent in a 
low stress-drop region computed from the 
background seismicity (23). On the other hand, 
the region around the mainshock hypocenter is 
‘dominated by relatively high stress-drop events in 
the background seismicity. These pattems of high 
and low stres-<drop results were observed 10 be 
largely unchanged by the occurrence of the 2004 
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Fig. 4. Inversion result fr locating the secondary event. The best-ftting location is shown as the yellow 
star including the 95% and 66% confidence intervals (dashed). The 1966 and 2004 hypocenters are 
shown as red stars. (A) The colors mark the logarithmic values of the distribution. About 6000 relocated 
aftershocks of the 2004 mainshock are shown as black dots. (B) Comparison between the subevent 
location (yellow star) and the strong-motion slip inversion model obtained from (12). (C) Comparison 
between the subevent location and high-slip areas at the northem part of the mainshock rupture zone 
from various stip models (colored ellipses). The colored dots mark the observed maximum slip for the 
respective models. The location of a HF source during the mainshock rupture obtained from beamforming 
analysis at UPSAR (6) is also included as a gray dot, together withthe location error bars (dotted lines) 
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‘mainshock (23). These results suggest that atleast 
‘some of the dynamic properties of lange earthquake 
ruptures may be predictable from observations of 
small earthquakes near the fault. Song hetero- 
‘gencities in observed stress drops along a fault or 
changes in fault geometry may be an indication to 
‘expect heterogencous slip behavior and associated 
HF radiation from a major or characteristic 


Projection can resolve changes in the rupture 
‘dynamics of crustal earthquakes in the M/6 range 
bby imaging the source of HF seismic radiation, If 
adequate station coverage is available, this 
‘method is suited to be applied in an automated 
way (0 obtain near-real-time images of the 
‘rupture. Such images may help in the discrimi- 
‘nation of the actual fault plane and may thus be 
useful for hazard assessment and guidance for 
‘emergency services, 
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Inconsistencies Between 
Pangean Reconstructions and 
Basic Climate Controls 


Clinton M. Rowe,"* David B. Lope,” Robert J. Oglesby,* 


Rob Van der Voo,* Charles E. Broadwater* 


‘The supercontinent Pangea dominated our planet from the Permian into the Jurassic. 
Paleomagnetic reconstructions have been used to estimate the latitudinal position of Pangea 
during this 100-milion-year period. Atmospheric circulation, recorded by eolian sandstones in the 
southwestern United States, shows a broad sweep of northeasterly winds over their northernmost 
extent, curving to become northwesterly in the south: This evidence is consistent with 
paleomagnetic reconstructions of the region straddling the equator in the Early Permian but is at 
‘odds with its northward movement to about 20°N by the Early Jurassic. At least one of the 
following scenarios must be true: The latitude based on paleomagnetism is incorrect; the 
interpretation of how winds shaped the dunes is mistaken; the basic climate controls in the Jurassic 
‘were different from those of today; or the paleogeographic reconstructions available are 
insufficient to adequately reproduce the wind fields responsible for dune formation. 


rom the Permian into the Jurassio—100 

million years of Earth history—the super- 

continent Pangea dominated our planet 
Detailed maps ofthis pole-to-pote landmass, with 
ppaleomagnetic data trom each continental block, 
\Were published in the 1980s, establishing paleo 
‘magnetism as the method par excellence of 
estimating paleolatitude (/). Geologic work de~ 
lineating the extent of climate-sensitive sedimen- 
tary rocks (e.g, coal, glacial till, evaporites, and 
carbonate sediments) has often helped to reduce 
uncertainties inthe quality of paleomagnetic data 
and has sometimes led the way to important 
reinterpretations (2,3), 

‘Atmospheric circulation is driven by the 
latitudinal distribution of solar heating, which is 
modified by the rotation of the planet and the 
distribution of landmasses. Eolian dunes conclu- 
sively provide direct evidence of atmospheric 
circulation (4, 5). Opdyke and Runcom (6) were 
the first to recognize the planetary-scale winds 
that deposited the Late Paleozoic eolian cross- 
strata of Wyoming and northem Utah. The mark 
edly consistent dip directions of Early Permian 
through Early Jurassic cross-strata in the western 
United States (7, 8) are accurate indicators of 
paleowind direction (Fig. 1), because they were 
deposited by transverse dunes that migrated 
downwind by repeated avalanching (9). We have 
extended the trade-wind explanation for the 
‘Wyoming rocks southward by interpreting eolian 
strata of the Colorado Plateau (southem Utah and 
Arizona) as records of northwesterly winds lying 
south of the trades in Pangea’s monsoonal wind 
regime (0) (Fig. 2). 
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‘The Paleozoic formations that contain the 
‘most abundant evidence of life in the ancient 
dunefields (Cedar Mesa and Esplanade sand- 
stones) were deposited by the northwesterly 
winds; the formations deposited father north in 
the trade-wind belt (ie, Tensleep, Weber, Casper, 
and DeChelly) contain comparatively fewer signs 
of life. These wind and biotic pattems persisted 
through the Early Jurassic (//). During the enti 
interval, the dominant winds in the north came 
from the nomheast, curving to become northwest- 
cay over the southem portion of the outcrops. 
Jurassic dunes in the south were seasonally 
drenched with rain, whereas weaker southeaster- 
ly winds reversed the dry-scason slip faces (/2) 

‘Conventional wisdom, largely based on paleo- 
magnetic evidence, places the platcau along or 
just north ofthe equator during the Early Permian, 
and then moves the plateau north through the 
Triassic to lie near 20°N by the Early Jurassic, 
as calculated from published mean poles, Best 
estimates for the global mean poles for ~200 
million years ago vary between 70°N, 96°E and 
66°N, 91°E (in North American coordinates), 
with the variations being minor and depending 
‘on methodology (/3). These mean poles yiekt 
palcolatitudes for a location in southeast Utah 
(OPN, 110°W) ranging between 17°N and 28°N, 
We do not know of any published paleomag- 
netic syntheses that placed the area south of the 
‘equator during the Early Jurassic. Yet the con- 
stancy of the wind regime indicated by the dip 
directions of the cross-strata suggests thatthe sand 
dunes and the plateau stiyed within the sime 
climatic zone during the entire time span. Further- 
more, the inferred northward migration appears 
tobe inconsistent with basic qualitative concepts 
of climate: Northeasterly winds changing south- 
‘ward to northwesterles would be out of place near 
20PN but would fit well near and just south of the 
equator, where northwesterly winds represent 


‘cross-equatorial flow induced by a strong summer 
‘monsoonal circulation in the southem hemisphere 
(SH), The wind regimes reconded by the rocks are 
‘consistent with paleogeographic reconstructions 
and climate simulations (/4 of the Late Permian, 
with the Colorado Plateau straddling the equator, 
but are very much at oxds with a northward 
movement to about 20°N by the Early Jurassic 

Given our understanding of basic climate controls, 
5 supported by climate model results, the wind 
regime that formed the eolian sandstones of the 
‘Colorado Plateau must have occurred on or south 
‘ofthe equator rather than at the generally accepted 
paleomagnetic latitude of about 20°N (5). 

‘An catlier attempt at paleogeographic inter- 
pretation (/0) was panially based on the wind 
regime simulated by a Jurassic climate model 
(16) and on paleomagnetic data collected from 
Colorado Plateau strata (/7-19). The climate 
‘model showed trade winds during December, 
January, and February tuming to become west- 
erly a few degrees north of the equator, This 
corresponded reasonably well 10 estimates. of 
ppalcolatinide for the Colorado Plateau (17, 20) 
‘but did not ft well with paleomagnetic data from 
the eastem United States (which placed the center 
of the plateau at about 18°N) nor with the Pangean 
reconstruction shown by the Paleomap Project 

21), Moreover, the Jurassic climate model had 

‘extremely low resolution (8° in latitude by 10° in 
Jongitude) and was simplistic by curent standards, 
More recently, geophysicists have called! attention 
to the importance of sediment compaction to 
ppalcomagnetic intepretations, especially for rocks 
in which the paleomagnetic signal is carried by 
detrital hematite. Comparisons of paleomagnetic 
data from such sedimentary rocks with those fiom 
igneous rocks (Which do not compact) indicate 
that sedimentary rocks are likely 1o yield paleo- 
latitudes that are to0 low (22, 23), Because the 
sedimentary rocks from the plateau that provided 
the evidence for a low-latitude position contain 
dtrital hematite, most paleomagneticsts, would 
‘now favor the higher-lattude intepretation forthe 
plateau, thereby aggravating the discrepancy with 
‘our earlir climate-based interpretation. 

{In an attempt to resolve the discrepancy be- 
‘ween winds that appear to have been constant 
‘over 100 My andl the paleomagnetic evidence for 
northward movement of the Colorado Plateau, 
‘we made a series of climate simulations for the 
Early Jurassic using the latest version of the 
Community Climate System Model (24, 25) 
from the National Center for Atmospheric Re- 
search. We made four model simulations with 
atmospheric CO; at present-day levels; two of 
these runs used “conventional wisdom for Early 
Jurassic paleogeography based on Paleomap 
(21), and two were made with Paleomap-<derived 
palcogeography shifted 30° southward along the 
nominal 150°E meridian to put the Colorado 
Plateau under a favorable SH wind regime. For 
‘cach pair of runs with a given paleogeography, 
fone was made with prescribed sea surfice 
temperatures (SSTs) for the Early Jurassic 
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derived from Chandler et al (16) and the other 
‘was made with SST computed via a slab ocean 
model component. We conducted additional 
‘model runs using the unshified paleogeography 
with constant 100-m topography and with uni 
form vegetation to exclude these factors as major 
influences on atmospheric circulation. Finally, to 
investigate the impact of increased CO, we 
‘conducted two additional model runs using the 
shifted paleogeography, the slab ocean model, 
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Fig. 1. The eolian sandstones of the Colorado 
Plateau (dark shading) reach an agoregate of 2500 m 
in thickness and span about 140 My of Earth history. 
The tails of the black “tadpoles” (circles with 
extending lines) point in the mean dlp direction of 
dune cross-trata and, therefore, point in the 
downwind direction of the paleowinds that drove 
‘the dunes. From the base of the Cedar Mesa 
Sandstone (5s) (bottom) to the top of the Temple 
Cap 5s, the rocks show northwesterly winds 
interpreted asthe bet of tropical westerles situated 
south of the trade winds). The DeChelly Ss is 
somewhat anomalous, showing northeasterly winds. 
Northern exposures of the Coconino $5, however, 
record northeasterly winds Gnterpreted as trade 
winds); t the south, it records winds from the 
northwest, Westto-east variations in rock strata are 
depicted across the diagram; unshaded areas show 
‘major unconformities (gaps inthe rock record). Fm, 
formation; Mbr, member; Ls, limestone. [Modified 
from Blakey etal. (26) and Peterson (7)] 
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and, respectively, four times and eight times 
present-day CO; levels. All model runs were at 
TSI (3.75° in latitude by 3.75° in longitude) 
resolution, and the last 10 model years were 
averaged to produce climatologies for analysis. 

Every model configuration yielded a strong 
‘monsoon that is hemispherically symmetric [that 
is, with strong low pressure in the summer 
hemisphere and strong high pressure in the 
winter hemisphere (Fig. 3)]. Low-latitude winds 
over westem Pangea during SH summer curve 
from northeasterly trades in the northem hemi- 
sphere (NH) to nonthwesteries afer crossing the 
equator. These simulated winds are physically 
reasonable and consistent with trade-wind flow 
in the winter hemisphere and strong monsoonal 
heating in the summer hemisphere. This is the 
only wind regime with the large, concave-to-the- 
cst, north-to-south sweep in agreement with the 
winds recorded by the colian sandstones of the 
‘westem United States. This is also consistent 
ith current concepts ofthe atmospheric general 
circulation anid would indicate a low-latitude SH 
location for the Colorado Plateau during. the 
Jurassic. Furthermore, every mode! configuration 
yiekled the necessary countervailing southeaster- 
ly winds during SH winter, which are consistent 
with the key characteristics of the southemmost 
paleodunes. In addition, every simulation ex- 
hibits seasonally dry periods for the region of 
the Colorado Plateau, which is consistent with 
the rock record (/2). Finally, although the at- 
mospheric concentration of COs for the Early 
Jurassic is uncertain, the model results obtained 
to date show that the winds are insensitive to a 
range of CO: values from the present-day con- 
centration (355 parts per million) to eight times 
that amount, However, increased atmospheric 
CO; does change modeled precipitation, with 
possible impacts on the migration of the dunes 
(ig. $1). 


those of the low-resolution mode! (/6), show that 
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although the trade winds tumed while north of 
‘the equator in eastem Pangea, these winds turned 
5° to 10° south of the equator in westem Pangea, 
‘Thus, we could infer that this was the position 
occupied by the Colondo Plateau (1 or 2 grid 
points south of the placement in the earlier 
study). Our model would then indicate that the 
Jurassic sandstones were deposited between 
10°S and 20°S, not 10°N to 20°N as suggested 
by paleomagnetism-based reconstructions. 

‘Assuming that winds inferred from the sand- 
stones should correspond to the winds shown 
by the model, either the climate model is in- 
correct or the nonhward movement of the 
Colorado Plateau occurred much later than 
suggested by current paleogeographic recon- 
structions, This result is independent of whether 
topography representative of the Jurassic is im- 
posed or ifthe geography is shifled such that the 
Colorado Plateau is centered at 10°S, Further- 
more, the simulations are robust regardless of 
whether SSTs are prescribed or calculated via a 
slab ocean model. 

If-we assume that the winds inferred from the 
ppaleodunes are correct, the climate model results 
and the paleomagnetism-based paleogcographic 
reconstructions cannot both be correct, though 
‘both can be wrong. We are lft with the following, 
possibilities: (i) The paleomagnetis-based paleo- 
geographic reconstructions are incorrect in 
moving the Colorado Plateau from around the 
‘equator to about 20°N between the Early Permian 
and the Early Jurassic; (i) the Early Jurassic 
climate model results are incorrect in simulating a 
pattem of northeasterly trade winds nom of the 
‘equator, arcing just south of the equator into 
monsoonal-driven northwesterlies; or (ii) the 
<iculation pattems inferred forthe dunes represent 
‘an extreme climate state that i far removed from 
the mean state that we have simulated thus fa. 

The palomagnetic reconstructions appear 0 
bbe tightly constrained by data (23); 50, if paleo- 
magnetic interpretations are indeed the cause of 
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Fig. 2. Dip directions of coss-srata of Late Paleozoic (lft) and Early Jurassic (ight) eobian sandstones. Tails of 
“tadpoles” point dowmuind: each represents scores of measurements. Large gray arows show the flow of trade 
‘winds (top arrows) and tropical westerBes (bottom arrows). Paleomagnetic data indicate that, during the 
Permian, Utah was near the equator but that, bythe Jura, it had drifted to 20°N. [Modified from Peterson (7)] 
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this conundrum, a basic assumption of the 
paleomagnetism moxie! would have to be ques- 
tioned; given the consistency of Early Jurassic 
paleomagnetic poles from the Adantic Ocean 
bordering continents (/3) and the convincing 
paleolatitude determinations from the Newark 
sediments (23), we are not ready to argue that the 
palcomagnetic field model must be wrong. 
However, the climate model results appear to be 
very robust based on our understanding of 
fundamental climatic controls. Indeed, the basic 
‘qualitative nature ofthese results could have been 
inferred just from this understanding, without the 
use of climate model. Our modeling work to 
date suggests that atmospheric CO; is not likely 
to have a substantial impact on the orientation 
‘and migration of paleodunes, in large part be- 
cause ofthe spatial and seasonal homogeneity of | 
this gas (Which means that it warms oF cools 
more-or-less uniformly around the globe). The 
most relevant potential climate control that we 
have not yet considered is changing orbital states. 
Orbital cyclicity is known to strongly affect both 
the latitudinal and seasonal distribution of solar 
radiation and could therefore affect the monsoon- 


al circulations that prevailed over Pangea. Fur- 
thermore, the amplitudes and periodicities of 
‘obliquity, precession, and eccentricity cycles in 
the past could have differed from those at present. 

During the past two decades, climate models 
have been increasingly used to simulate atmo- 
spheric circulations of the past. Slipface orienta- 
tions of modern dunes coincide well with the 
pattem of modem circulation (4), and we have 
shown that the dip directions of avalanche- 
dominated colian cross-strata can, in conjunction 
with model simulations, be used to accurately 
delineate ancient atmospheric circulation. Past 
climate reconstructions are important in their own 
right, and they have previously provided strong 
constraints on palcogeographic reconstructions 
based on paleomagnetic data. Although proxy 
records such as coal and evaporite deposits ane 
subject (0 uncertain interpretation of paleocli- 
‘matic conditions (c.g., temperature, precipitation, 
and evaporation), wind directions preserved in 
colian sediments relate directly to the atmospher- 
ic circulation. Furthermore, atmospheric circuls- 
tion pattems can be a more profound indicator of 
1 given climatic state than temperature and pre~ 


Fig. 3. Simulation results for NH winter [December, January, February (D}F), left column] and NH summer 
‘une, July, August (JJA), right column] for unshifted paleogeography with prescribed SST (A and B), shifted 
ppaleogeography with prescribed SST (C and D), and shifted paleogeography with slab ocean (E and F). Sea- 
level pressure (hPa) is contoured at 4-hPa intervals, and winds a the lowest model level are given as vectors, 
with a 10 m s~ reference vector shown at bottom. The Colorado Plateau is outtined in red. 


cipitation alone. Because the atmospheric general 
circulation is strongly linked to Istitude, this in- 
formation has great value as an independent check 
‘on magnetism-based paleogeographies, 
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Time-Resolved Investigation of 
Coherently Controlled Electric 
Currents at a Metal Surface 


J. Giidde, M. Rohleder, T. Meier,” 5. W. Koch, U. Hafert 


Studies of current dynamics in solids have been hindered by insufficiently brief trigger signals and 
electronic detection speeds. By combining a coherent control scheme with photoelectron 
spectroscopy, we generated and detected lateral electron currents at a metal surface on a 
femtosecond time scale with a contact-free experimental setup. We used coherent optical excitation 
at the light frequencies « and ,/2 to induce the current, whose direction was controlled by 
the relative phase between the phase-locked laser excitation pulses. Time- and angle-resolved 
photoelectron spectroscopy afforded a direct image of the momentum distribution of the excited 
electrons as a function of time. For the first (n = 1) image-potential state of Cu(100), we found a 
decay time of 10 femtoseconds, attributable to electron scattering with steps and surface defects. 


is limited by fast scattering processes of 

electrons, In the case of metals, the time 
scale between the individual scattering events is 
typically in the range of feroseconds (/). Usual 
Conductivity measurements cannot access this time 
seale because available electronic equipment can 
cither produce trigger signals nor detect tran 
sients that are shorter than tens of picosecond. 
Here, we introduce an experimental technique to 
‘measure the dynamics of electrical currents on the 
fenvosecond time scale, The technique combines 
‘methods of coherent control with time- and angle- 
resolved photoelectron spectroscopy. Our setup is 
contact-five. 1 involves the all-optical generation 
of eclectic current pulses and the time-resolved 
‘measurement of the momentum distribution of the 
clectons that cary the aurent. 

‘The basic optical excitation scheme that we 
‘apply has been used to induce electric currents in 
semiconductors (2, 3) and to generate terahertz 
radiation (4), IC sa variant of the Brumer-Shapito 
scheme of coherent control (5). Two phase- 
locked laser fields with frequencies «, and «a/2 
coherently excite electrons from an occupied into 
an unoccupied state—for example, from the va- 
lence band into the conduction band of a semi- 
conductor, The quantum mechanical interference 
of the two different excitation pathways (ie, the 
jne- and the two-photon transitions) allows 
control of the excitation of electrons at different 
points in momentum space (k-space). In this way, 
variation of the relative phase between the 0 
laser fields can set the direction as well as the 
‘magnitude of an induced current density. In the 
present experiment, the current is not induced in 
the volume of a semiconductor but at the surface 
of @ metal, There, strong electron-electron inter- 
‘ction may severely limit the attainable degree of 
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quantum coherence. However, previous. work 
clearly demonstrated that a fixed phase relationship 
between an excited electron and the comresponding 
Photohole can persist considerably longer than an 
optical cycle and that coherent cantrol in metals is 
possible (6-8). As shown below, madcls devel- 
oped for photocurrents in semiconductors, if 
appropriately modified, are indeed able to describe 
the cument generation at a metal surface. 

The detection of curent pulses is just as im= 
portant as their generation. Commonly this is 
‘accomplished by measuring a voltage drop be- 
tween two contacts, Whereas this straightforward 
method clearly showed that the optical excitation 
scheme resulted in macroscopic electrical curents 
in semiconductors (2, 3), it is not suitable for 
dauailed studies with ultrafast time resolution 
Instead, a contact-free laser-based method is 
also required for the detection of currents. With 
time- and angle-resolved photoelectron spoctros- 
copy, we can achieve femtosecond time resolu 
tion. Moreover, as this technique directly maps 
ut the excited electrons in k-space, it has the 
capability to provide information on the gener- 
ation and decay of currents in unprecedented 
detail. The macroscopic current density is given 
by the sum over the microscopic contributions 
of the individual carriers with charge + and 
moving with velocities ; in the case of a surface 
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where jj is the total lateral current density, his 
Planck's constant dividad by 2x, 1. isthe density 
of excited electrons, 4 is the electron momentum 
parallel to the surface divided by fh, faux i the 
‘maximum value of ki, and m, is the electron 
mass. At the surface of a well-ordered solid, &, of 
8 photocmited electron is conserved (9). By 
measuring the kinetic energy Eq and the 
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emission angle @ normal to the surface, the 
parallel momentum of the emitted electrons can 
bbe determined from the relation 


ky =hVImEiy sin @ (2) 
Because n(hy) i proportional to the angle- 
resolved photoemission yield, the method can 
bbe used to determine not only jj but also the 
individual contributions of electrons of differ- 
‘ent momenta to this current. 

We have applied this optical current gener- 
ation and detection scheme to image-potential 
states on the (100) surface of a copper single 
crystal (0), Electrons excited to image-potential 
states are bound perpendicular to the metal 
surfice by the Coulombic image potential, 
‘whereas they can move almost freely parallel 
to the surface (//, 2). In onder to investigate 
these states with photoelectron spectroscopy, a 
short ultraviolet laser pulse with frequency «, is 
‘normally used to populate them via optical 
interband transitions from occupied bulk states 
bbelow the Femi level Ey (Fig, 1B), The tem- 
‘poral evolution of the population of the states is 
then probed by photoemiting the excited eke- 
‘tons with a second laser pulse at variable time 
delay and frequency 9, (13-76). A typical angle- 
resolved spectrum of such a two-photon photo 
‘emission experiment (2PPE) showing the first 
(= 1) image-potential state of Cu(100) is de- 
picted in Fig. 1A. The imaging photoelectron 
analyzer of our experimental setup makes it pos 
sible to measure the photoemission intensity with- 
in a continuous range of emission angles and 
‘energies simultaneously (/7). The data clearly 
reveal the five clectron-like parabolic enengy 
dispersion £(k,) of the state parallel to the sur 
face. The distribution of the 2PPE intensity is 
symmetric wit respect to the surface normal, as 
ncither the pump nor the probe proces is able to 
ater the symmetry of the system with respect 10 
the surface normal. 

The situation changes when the phase- 
locked «@,/2 pump pulse is used for excitation 
in addition to the «, pulse, The coherent exci 
tation of the image-potential state with the pulse 
pair produces an asymmetric distribution (Fig, 
1C). In this particular case, the photoemission 
intensity is enhanced for positive values of fy, The 
asymmetric population of the image-potential 
states in momentum space comesponds 10 a 
ballistic electron current flowing within a sheet 
4 A thick in front of the surface. Before dis- 
cussing this cumrent in more detail, we first show 
that the coherent optical excitation scheme al- 
lows control over its magnitude and direction in 
‘8 manner similar to that previously shown in 
bulk GaAs (3, 4). 

For reasons described below, the coherent 
excitation process at the metal surface does not 
allow for full control over the sign of the par- 
allel momentum of the excited electrons. Only a 
Portion of the excited electrons contributes to 
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the net current (Fig. 1C). This fraction can be 
visualized very clearly by subtracting a symmetric 
distribution ffom the measured asymmetric spec- 
tra, Figure 2 displays such photoemission dif- 
ference spectra for Various values of the phase 
difference Ag ~ (am) ~ 26(n/2) + go between 
the two pump pulses (/8), The data for 9 

90° comespond to the difference of the spectra 
plotted in Fig, 1, A and C. They show the 
momentum distribution for the maximum cur 
rent flowing in the +fy direction. Changing 9 
from 90° t0 270° clearly reverses the direction 
of the curent, For A@ = 180°, no net current is 
enerated but the overil excited population is 
enhanced. A = 120° and Ag = 240° represent 
intermediate eases with a weak current flowing in 
Positive and negative directions, respectively (/9), 

For a better understanding of the coherent 
excitation process, we now inspect the phase de- 
xlence of the photoemission intensity for spe 
cific emission angles in more detail and compare 
i with the results of model calculations. The red 
‘and green data points in Fig. 3 depict the pho- 
focmission intensity integrated over the corre- 
sponding red and green rectangular areas in 
Fig. 1C, which are centered at ky = +0.224 A 
and Ay = ~0.224 A, respectively. The photo- 
emission intensity varies sinusoidally with the 
phase difference 49, as expected for a process 
that is proportional to the product £(0)&"(0,/2), 
where £(,) and £(0/2) are the electric fiekd 
strengths of the two pump laser pulses. The data 
for opposite hy are phase-shifted by about 30°, 
resulting in an asymmetry of the photoemission 
intensity, 

Because only a fraction of the excited elec- 
trons contribute to the net current, the observed 
phase shift between opposite values of h is less 
than 180°, As a quantitative measure of the net 
current cartied by electrons at a given magnitude 
of Ay. we introduce the asymmetry parameter 
Aaron = (sy ~ L4y)/ Cay + Ha)- caret 
represents the relative contribution of the 
coherently controlled current to the total photo- 
emission intensity for a given parallel momen- 
tum. It has a sinusoidal dependence on A@ and 
is symmetric around Acar ~ 0 (Fig. 3B), This 
again shows that the magnitude as well as the 
direction of the current can be controled by 
varying the relative phase between the excitation 
pulses, For the larger values of fy, about 5% of 
all excited electrons contribute t0 the optically 
induced curent. daures has been found to in 
crease linearly with parallel momentum. Be- 
cause the total population in the image-state 
band decreases with increasing Aj (Fig. 1), the 
absolute number of electrons that camy a net 
current is roughly independent of ky (Fig. 2). 

The solid lines in Fig. 3, A and B, depict the 
results of model calculations. where we have 
‘numerically solved the optical Bloch equations 
for a multiband model, The optical generation of 
currents is described by considering not only 
resonant optical interband transitions between 
initially occupied and unoccupied bands, but 
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also the field-induced intraband accelerations 
(20, 21), Intraband accelerations are the standard 
components for the description of the electronic 
response of solids to static and low-frequency 
electric fields (/). This process, however, is often 
neglected when light-matter interaction is ana- 
lyzed because optical frequencies cannot reso- 
nantly generate such excitations. Compared to 
previous theoretical treatments of current gener- 
‘ion in GaAs, the stuation at the Cu(100) surface 
requires two modifications. Whereas the initial 
state in a bulk system with three-dimensional 
translation symmetry is given by a single or few 
discrete valence bands, the projection of the 
bulk copper sip band onto the surface results in 
1 continuum of initial states for the photoex- 
citation (/6, 22). This continuum is approxi- 
mated by a set of narrowly spaced dispersionless 
barks below the Fermi level Ej. In addition, the 
break of inversion symmetry at the surface opens 
‘up additional excitation pathways because non- 
resonant transitions are allowed between all 
bands, even in dipole approximation. The 
inclusion of resonant and nonresonant interband 
fas well as nonresonant intraband transitions 
results in three qualitatively different excitation 
processes that contribute to the population of the 
excited surfice state (Fig. 3C). 

The first such process is the interaction of 
laser fick! £(0,) with the polarization that is 


Energy E-Eyac (eV) 


~02 


01 00 04 
Momentum ky (A~) 


3.0 8 
Eva F 
25 
2.0 lo, 
15 
10g 
c 
—_ 


induced by the same field between the occupied 
bulk bands and the image-potential state, This 
process [(i) in Fig. 3C] can be described by pure 
resonant interband transitions between oocupied 
and unoccupied bands (a, — 6). It depends only 
‘on the pump field €(@,) and is responsible for 
‘the phase-independent offset of the photo- 
‘emission intensity 

The laser field £(0,) also interacts with the 
‘two-photon polarization P@(c,) = 7E*(aa,2) 
‘generated by the laser field £{n/2). This process 
(ii) becomes possible because of the broken in- 
version symmetry of the copper crystal at the 
surface, and it is described here by inclusion of 
‘nonresonant interband transtions between different 
bands below Ep (a, —» aj). The nonvanishing 
Pay) alone gives tise to the well-known 
phenomenon of surface second-harmonic gen- 
‘eration (23), Here, the interaction with the laser 
fickd £(a) leads to @ population of the image- 
potential state that varies sinusoidally with Ao 
but is symmetric in ky and therefore is without a 
phase shift for +) (24) 

Finally, the interaction with both laser fickds 
‘can generate an optically induced current that 
‘corresponds to the populition of an excited state 
asymmetric with respect to 4. One of several 
tation pathways for this process (ii) is 
iMlustrated in Fig. 3C. It includes the excitation 
‘of @ nonresonant intraband polarization within 
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Fig. 1. (A) E(k) 2PPE spectrum of the n = 1 image-potential state on the Cu(100) surface. Energies are 
referred to the vacuum level £,,. The color scale indicates the photoemission intensity. (B) Energy 
diagram of the corresponding excitation and photoemission scheme together with the surface-projected 


bulk band structure of Cu(100), where Eva ~ E 


.64 eV. Filed and empty projected bulk bands are 


marked by dark and light shades. The solid curve depicts the n = 1 image-potential band. (C) EU) 


spectrum of the 


1 state for excitation with two phase-locked laser pulses at frequencies «o, and «,/2 


25 depicted in (D). The 2PPE spectra in (A) and (C) have been recorded with zero time delay of the 
Dhotoemission pulse «,, The red and green rectangles in (C) mark the two regions evaluated in Fig. 3. 
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‘an occupied band (a; > aj which is re- 
sponsible for the acceleration of the excited 
electrons. The population is proportional to 
E(c,)E*(ca,/2) a5 in process (ii) but has a phase 
shift of 180° for +4), However, the superposition 
with process (i) leads to a reduced total phase 
shift, the magnitude of which depends on the 
ratio between the third- and second-order non- 
linear susceptibilities (i.e, on the strength of 
specific optical transition matrix elements), but 
‘ot on the relative fiel! strengths. By adjusting 


Fig. 2. Contribution of the 
coherently controlled sur- 
face current to the total 
Photoemission intensity for 
various relative phases Ad 
between the o, and w/2 
excitation pulses. Plotted 
ate the differences between 
‘two-dimensional £(ky) spec- 
‘tra recorded forthe indicated 
‘Ao and a. phase-averaged 
spectrum. Red colors ind 
cate an excess of electrons, 
yellow colors a deficiency. 
For 90° and 270° the max- 
imum current is generated 
in directions +44 and ki, 
respectively, 
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the transition dipoles and the amplitudes of the 
‘wo incident pulses in our model calculation, we 
‘can achieve very good agreement with the ex- 
perimental data (Fig. 3, A and B). 

We now tum to the decay dynamics of the 
generated current pulses. Electric currents in 
‘metals usually decay by means of quasi-elastic 
collision processes of the clectrons with phonons 
tnd defects. In k-space these scattering processes 
lead toa fast randomization of any asymmetry of 
the electron population generated by the applied 
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electric field. Inour system, because the electrons, 
are excited several electron voltsabove the Fermi 
level, an additional decay channel, ultimately 
limiting the time duration of the current pulses, is 
the inelastic electron-hole pair decay of the 
‘population of the image-potential states due to 
‘Coulomb interaction with electrons of the bulk 
metal (25). Our experimental technique is able to 
‘monitor both decay channels directly. For this 
purpose we detect the photoemission intensity 
from a 800-nm probe pulse at different time 
delays Ar with respect to the pump-pulse pair. 

Corresponding raw wo-limensional differ 
cence spectra together with phase-averaged ine 
tensity spectra are displayed in Fig. 4, A to D. 
‘The difference spectra correspond to the respec 
tive maxima of the coherently excited current, 
which have been determined by varying the 
relative phase between the two pump pulses for 
cach delay (Fig, 3), The phase-averaged spectra 
correspond to the data observed in a conven- 
tional time-resolved 2PPE experiment, They 
represent the total excited-state population, Com 
parison of both data sets clearly shows that the 
asymmetry of the excited-state population levels 
‘off considerably faster than the averall popula- 
tion docays. At Ar = 150 fs, for example, there is 
sill considerable population left in the image 
potential band (20%), whereas the asymmetry 
‘between positive and negative values of ky has 
vanished below the detection limit. 

“To quantify the decay time of the current, we 
‘evaluated the already defined asymmety Acura 
at ky = +0.15 A”! as a function of delay Ar (Fig, 
4B), Acerad(At) Would have a constant value if 
‘quasi-clastic scattering processes were negligible 
for the cument decay (t —+ 20) In the limit of a 
very fast scattering times (t+ 0), the asymmetry 
‘would be maximum for negative Ar and would 
decay while electron population still built-up 
within the finite excited-state lifetime (dashed 
line in Fig. 4E). The experimentally observed 
decrease Of Acura from its initial value of $% 
corresponds 10 a scattering time of t= 10 fi 


Fig. 3. (A) Photoemission in 
tensity as a function of relative 
‘phase A for opposite parallel 
‘momentum ky = 20.224 A), 
Red and green data points, 
‘rormaliaed experimental pho- 
toemisson intensity integrated 
‘over the red and green rect 
angles in Fig. 1C; solid tines, 
model calculations. (B) Rela- 
tive intensity contrast Aasret 
for opposite parallel momenta 
corresponding to the relative 
contribution of the coherently 
excited current to the total 
Photoemission signal. (© illus- 
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tration of the multiband model and three excitation pathways that lead to (9 an incoherent 
background, (id a phase-dependent population that & symmetric in hy, and Gi the 
‘coherent current generation (ie, 2 phase-dependent population that is asymmetric in ky). 


Interband transitions are depicted as simple arrows; intraband transitions are denoted by 


‘an additional dot. 
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Fig. 4. (A to D) Two-dimensional 
difference spectra (left) and phase- 
averaged photoemission intensity 
spectra (right) for different delays At 
between the two simultaneously arriv- 
ing «, and «,/2 excitation pulses and 
the oy, probe pulses. The color coding 
is the same as in Figs. 1 and 2. The 


red and yellow bars illustrate the come- 
sponding asymmetries Awe evaluated 
at hy = 40,15 A. (E) Asymmetry 
Are 2 3 function of delay At. Dos, 
eaperimental data; said tine, model 
calculation for a cuent decay time of 
‘= 1015 taking into account the finite 


0.06 


0.04 


current 


laser pulse duration and the popula 
tion decay time of 35 f5; dashed fine, 
same calculation for an instantaneous 
decay (x ~+ 0). (F) Temporal evolution 
of the population of the n = 1 image- 
potential state at the band bottom, 35 


Given by the 2PPE intensity (orange), 
and the current (blue), as determined 
by multiplying the asymmetry Acro 
with this intensity, Error bars indicate 
uncertainty arising from intensity fluc 
‘uations in the difference spectra. 


The current thus decays much faster than the 
total excited-state population, which has a 
lifetime of 35 f at the band bottom (Fig. 4F), 

‘The short decay time of the current induced 
in the image-potential states clearly indicates 
that it does not predominantly decay as a result 
of scattering processes of electrons with bulk 
phonons, but decays mainly by scattering with 
surface imperfections (26). Steps, adsorbed CO 
molecules, or Cu adatoms were shown to have a 
strong influence on linewidths of 2PPE. spectra 
as well as on the decay of quantum beats in 
earlier investigations of Cu(100) image-potential 
states (27-30). In these previous experiments, 
however, quasi-elastic momentum scattering 
processes were just one of many possible con- 
tributions to the measurement, whereas they are 
singled out in the present work. Other factors 
that may enter the 2PPE linewidth are instru- 
mental broadening effects, surface inhomoge- 
neities, or the temporal shape of short laser 
pulses. Moreover, inraband electron-scatteing 
[processes that conserve energy and momentum 
Contribute to dephasing and line broadening but 
do not lead to current decay. Under the as- 
sumption that these factors were negligible in 
the previous studies, the current decay time of 
t= 10 fs measured here corresponds to a 
defect concentration of 1 to 2% of a mono- 
layer (26). 

Note that our method! for the investigation of 
ultrafast curent dynamics uses a coherent op- 
tical excitation scheme only for the creation of 
an initially asymmetric population distribution 
in momentum space. Unlike in interferometric 


23 NOVEMBER 2007 VOL318 SCIENCE 


2PPE Intensity (arb. u.) 


-50 0 50 100 150 200 250 


Pump-probe delay At (fs) 


2PPE (6, 37), there is no fixed phase relation- 
ship between the excitation pulses and the time- 
delayed photoemission probe pulse used for 
band mapping. The scattering processes leading 
to current decay are thus observed directly in terms 
of an incoherent population dynamics in rmomen- 
tum space. This stands in contrast to methods that 
deduce quasi-elastic scattering times from phase 
decay rates in various ways. These include pre- 
vious 2PPE experiments (6, 14, 27, 29) as well 
as most all-optical spectroscopies (32). For this 
reason, we believe that the microscopic under- 
standing of carrier transport, not only in metallic 
systems but also in well-studied semiconductors, 
could benefit fom a combination of coherent cur 
rent generation with time-resolved photoclectron 
spectroscopy. Because the escape depth of low. 
Kinetic energy photoelectrons from solids amounts 
to several tens of atomic layers (9), the detection 
method is certainly not restricted to surfaces. 
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Emission of Coherent THz Radia 
from Superconductors 


L. Ozyuzer,’” A. E. Koshelev,” C. Kurter,”? N. Gopalsami,* Q. Li,” M. Tachiki,? K. Kadowaki,* 
T. Yamamoto,‘ H. Minami,’ H. Yamaguchi, T. Tachiki,’ K. E. Gray,” W.-K. Kwok,” U. Welp”* 


Compact solid-state sources of terahertz (TH2) radiation are being sought for sensing, imaging, and 
spectroscopy applications across the physical and biological sciences. We demonstrate that 
coherent continuous-wave THz radiation of sizable power can be extracted from intrinsic Josephson 
junctions in the layered high-temperature superconductor Bi,Sr2CaCu,0s. In analogy to a laser 
cavity, the excitation of an electromagnetic cavity resonance inside the sample generates a 
macroscopic coherent state in which a large number of junctions are synchronized to oscillate in 
phase. The emission power is found to increase as the square of the number of junctions reaching 
values of 0.5 microwatt at frequencies up to 0.85 THz, and persists up to ~50 kelvin. These results 


should stimulate the development of superconducting compact sources of THz radiation. 


electromagnetic radiation, extending. ap- 
proximately from 0.5 THz tw 2 THz, 
stems from the separation of the wo general 
paradigms for generating electromagnetic waves 
(1-3): altemating. currents. in. semiconductor- 
based electronics. and electronic transitions be- 
tween quantized electronic states in lasers, 
respectively. The fiequency of semiconductor 
devices is bounded from above by limits of the 
electron velocities, whereas the frequency of solid- 
state lasers is bounded from below by thermal 
enengies that limit the smallest electronic tran- 
sitions useful for lasing, Josephson junctions 
two superconducting electrodes separated by a 
thin insulating layer—naturally convert de vol 
ages into high-frequency electromagnetic radia~ 
tion spanning the THz gap, with 1 mV 
corresponding to 0.483 THz. Although the emis- 
sion from a single junction is weak, many such 
junctions emitting in phase atthe same frequency 
‘can proxiuce useful emission power (4-6). Stacks 


T: ‘observed gap in the generation of 
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of junctions with unsumpassed packing density 
‘occur naturally in the layered high-temperature 
superconductor BisSrjCaCusO, (BSCCO). This 
material, composed of superconducting CuOs- 
layers that are coupled through the intrinsic 
Josephson effect (7), can sustain high voltages 
cross the junctions and holds the potential for 
very intense, coherent radiation (8-10) that 
covers the THz gap. However, the key require- 
ment for producing useful radiation from 
BSCCO, namely achieving synchronization of 
the high-frequency oscillations of all the junc- 
tions in the stack, has s0 far been a major 
challenge preventing the realization of this 
potential, Various approaches for synchronizing 
the junctions have been considered, such as 
applying a magnetic field to induce coherent 
Josephson vortex flow (17-16) or inserting the 
BSCCO crystal into a microwave cavity (17). 
However, the far-field radiation power obtained 
from BSCCO is limited to the pW range (/8). 
We show that THz radiation power in the .W 
range can be produced using a method by which 
the phase of the emission from the atomic scale 
Josephson junctions in BSSCO is synchronized 
by a standing electromagnetic wave that is 
formed by multiple reflections in the cavity 
formed by the side surfaces of the crystal, exactly 
as in a laser. Electromagnetic waves. inside a 
BSCCO crystal propagate as Josephson plasma 
modes (/9-2/), which resemble the guided 
modes in an optical waveguide. The average 
electric field on the side surfaces cancels in all but 
the in-phase mode, s0 only this mode produces 
noticeable emission (Fig. 1, C and D). Reso- 
nnances that occur on the long dimension of the 


‘mesa incur sign changes of the electric field on 
the long side faces and do not contribute to the 
emission in a substantial way. In the in-phase 
‘mode, the coherent superposition of the elec- 
‘tromagnetic waves from each junction creates a 
‘macroscopic coherent state in which the radiation 
power increases as the square of the number of 
jJunetions. We report that more than $00 junctions 
fan be made 1 oscillate in phase, producing 
‘continuous wave coherent radiation power up to 
~0.5 W at frequencies up to 0.85 THz. The 
available power is potentially much larger, 
‘because there is evidence that 20 wW of power 
are pumped into the observed THz cavity 
resonance, The emission persists up to temper 
atures of ~50 K. In contrast to previous studies 
(1-16), emission does not require the appli- 
cation of a magnetic field, considerably simplify- 
ing the design of superconducting THz soure 
In fact, a single applied de current leads 10 the 
efficient excitation of continous coherent THz 
radiation, 

We report results on a series of BSCCO 
‘samples in the form of mesas (Fig, 1, A and B) 
with widths varying fom 40 pm to 100 jim, @ 
length of 300 jum, and a height of about 1 ym. 
‘The mesas and the electrical contacts are fa 
cated in a series of thermal evaporation, photo- 
lithography, and Arion milling steps (22). 

Figure 2 shows the current-voltage- 
characteristics (IV-c) and the radiation power 
detected by the bolometer, Both quantities are 
recorded simultancously as a function of de- 
creasing bias voltage for the parallel and per 
pendicular settings ofa paralle-plate cut-of? filter 
(22) The data reveal peaks of radiation near 0,37 V 
and 0.71. V that are polarized with their E-fiekd 
perpendicular to the CuO.-planes, and un- 
polarized radiation at high current and voltage 
bias. The former is identified as Josephson 
radiation, whereas the latter is thermal radiation, 
Upon rotating the cut-off filter, both peaks 
decrease in the same proportion, indicating the 
‘same radiation frequency. The peak power in Fig. 
2 is around 11 nW, and we recorded up to 50 nW 
‘when no filters are inserted into the beam path 
(fig. $4), Comecting for the collection angle of 
the bolometer yields. total radiation power of the 
sample of ~0.5 wW. These values are more than 
10° times as lange as previous reports on far-field 
radiation from BSCCO mesas (/8). The back- 
bending of the IV and the unpolarized thermal 
radiation indicate heating of the mesa at the 
highest currents. The effective mesa temperatures 
along the IV-c, shown in Fig, 2, ae estimated by 
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equating (23) the mesa resistivity to the quasi- 
particle resistivity, p(T), of BSCCO (fig. $5), 
‘Also included in Fig. 2 is a simulation of the 
thermal radiation obtained with the help of the 
Stefan-Boltzmann faw and a numerical solu- 
tion of the heat-diffusion equation (22), The 
‘agreement of the simulation with the data shows 
that our thermal model is accurate and that 
thermal management in such large mesas ean be 
achieved. 

‘An estimation of the radiation frequency is 
given by the filter cut-off frequency at which 
the polarization ratio levels off (Fig. 3 A) and 
by far-infrared spectra (Fig. 3B). Both methods 
yield consistent results, ic, 0.36, 0.48, 0.59, 
and 0.85 THz for the 100-m, 80-m, 60-1m 
‘and 40am wide mesas, respectively. The value 
of 0.85 THz is the highest frequency of fartickd 
radiation from a superconducting source yet 
observed (fig. $8). These frequency values are in 
good agreement with the fundamental cavity res- 
nance, f= ¢o/2nw, where w is the width of the 
mesa and 1 = 3.3 is the catxis far-infrared 
rofactive index of BSCCO (24), which for w 
80 um yields /~ 0.52 THz. Furthermore, the ob- 
served radiation frequencies increase approxi- 
mately proportionally to 1/v (see inset of Fig, 3 B), 
demonstrating that they correspond to a cavity 
resonance, To excite this resonance, the Josephson 
frequency, f VxAPy should match the reso- 


A Wea with 


nance frequency, where ®y is the flux quantum 
and V,.. the voltage per junction. Using the mesa 
height of 1.1 ym as determined from atomic 
force microscopy, and 1.56 nm spacing of the 
(CuO;-double layers, the voltage shown in Fig. 2 
for the lange radiation peak of the 80-jm mesa 
corresponds to 0.49 THz, consistent with the 
spectroscopic data. Thus, upon decreasing the 
bias from the fully resistive state, the emission 
power builds up as the Josephson frequency 
‘comes into resonance with the cavity. With de- 
creasing voltage, some junctions may switch 
back fom the resistive into the superconducting 
state (25), During such a jump the voltage per 
remaining resistive junction and the Josephson 
frequency increase. Consequently, the system 
falls out of resonance with the cavity mode, and 
emission ceases. With further decreasing bias, the 
resonance is again approached from above, and 
the behavior repeats itself, yielding a second 
cemission peak involving a smaller number of 
active junctions. 

Radiation from the same sample containing a 
varying number of emitting junctions allows for 
a direct test of coherency. Figure 4A displays a 
sequence of emission peaks for positive and 
negative bias voltages on the 80-4m mesa. The 
fraction of active junctions, ra, relative to the 
highest emission peak, can be determined di- 
rectly from the resistances comesponding to the 


= 


Fig. 1. (A) Schematic of the BSCCO mesas. The applied c-axis current excites the fundamental cavity 
‘mode (solid haltwwave) on the width w of the mesa, and high-frequency electromagnetic radiation is 
emitted from the side faces (red waves), whose potarization and frequency are analyzed with parallel-plate 
filters (22). (B) Scanning electron microscopy image of the mesa. Schematics of the anti-phase (C) and of 
the in-phase (D) mode. The blue and yellow layers are the CuO, layers and Bi-Sr-O layers. The red waves 
represent the alternating electric field. In the ant-phase mode the electric field on the long side face 
largely cancels, resulting in negligible emission. For the in-phase mode, the electric fields from each 
junction add to create an intense standing wave (black dashed line) and strong emission. 


23 NOVEMBER 2007 VOL318 SCIENCE 


various branches in the IV-c (fig. $7). An analysis 
(Z0, 26) of the loss mechanisms shows that for 
‘mesas with height less than 1.0 to 1.5. jim, 
‘quasiparticle losses are larger than losses due to 
radiation. In this limit, the emitted power in- 
‘ereases like the square of the number of coher- 
cently oscillating junctions, The experimentally 
‘observed peak powers are proportional 10 Ma’, 
demonstrating directly that the junctions in the 
stack emit coherently. Figure 4C shows a close- 
up of the retum branch of IV-c and of the ri- 
iation power of the third peak in Fig. 4. The 
absence of a jump in the IV-c allows us 10 es- 
tablish a baseline of the current and to deter- 
‘mine the excess current that supplies the energy 
for the excitation of the cavity resonance, The 
height of the resonance in the IV-c depends on 
the quality factor of the cavity resonance (26), 
suggest that about 20 uW—about 
‘of the total de power dissipated in the mesa 
‘are pumped into the in-phase resonance, im- 
plying that considerably enhanced radiation powers 
coulk! be obtained with this mest, for example, 
through improved impedance matching with the 
help of antennas, gratings, or dielectric coatings, 
In a homogeneous mesa in zero magnetic 
fick, the Josephson oscillations do not couple 
dlirectly tothe cavity resonances. However, when 
the Josephson frequency is twice as large as the 
cavity frequeney, the resonance may be excited 
asa result of a parametric instability leading to 
‘so-called zero field steps in the IV-c, which were 
‘observed in conventional Josephson junctions 
(27). Our frequency analysis rules out this 
excitation mechanism. A. plausible mechanism 
‘of coupling can arise from an asymmetric 
modulation of the Josephson critical cument 


Radiation Power (nW) 


Fig. 2. Current-oltage characteristics and radia- 
tion power of the 80-ym mesa. The voltage 
dependence of the current (right y-axis) and of 
the radiation power (left yais) at 25 K for parallel 
‘and perpendicular settings of the fiter with 0.452 
Tie cutoff frequency are shown for decreasing 
bias in zero applied magnetic field. Polarized 
Josephson emission occurs near 0.71 and 0.37 V, 
‘and unpolarized thermal radiation occurs a hi 
bias. The black solid line is a simulation of the 
thermal radiation (22). 
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Fig. 3. Spectral characterization of the emission. 
(A) The polarization ratio—defined as the ratio the 
radiation power measured at perpendicular and at 
parallel filter settings—of the emission peaks is 
shown for four mesas as a function of cut-off 
frequency ofthe filters, The radiation frequency is 
estimated from the filter cut-off frequency at which 
‘the polarization ratio levels off at high frequencies, 
(22), (B) Far-infrared spectra of the Josephson 
radiation. Sharp emission lines are clearly 
resolved. The observed line width of ~9 GHz 
(FWHM) is. instrument-resolution limited. The 
scaling of the emission frequency with the inverse 
‘mesa width, shown in the inset, demonstrates that 
‘a cavity resonance on the width is excited. 
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‘along the width of the mesa, duc to, for example, 
an inhomogeneous oxygen concentration oF 
defects induced during fubrication processes. 
For single junctions, the coupling of a modulated 
cftical current distribution to cavity resonances 
has been observed (28). A recent quantitative 
analysis of radiation and transport properties of 
esas with such modulation (26) suggests that 
the radiation power from the mesas described 
here can be as high as 1 mW under optimized 
conditions. Therefore, we anticipate that the 
observed radiation power can be significantly 
increased by enhancing the coupling to the 
intemal cavity mode by deliberately introduced 
strong modulations of the Josephson critical 
current, There is a large effort to develop 
quantum cascade lasers as sources of THz 
radiation (1). Presently, their lowest emission 
frequency is ~1,6 THz, with a continuous wave 
emission power of ~0.5 mW (/, 29). The 
superconducting sources described here are a 
‘competitive technology for the frequency range 
of 0.5 THz to 1.5 THz, which is also the range 
here compact solid-state sources are most 
lacking, 
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Shape and Temperature Memory of 
Nanocomposites with Broadened 


1294 


Glass Transition 


Pierre Miaudet,” Alain Derré,* Maryse Maugey,* Cécile Zakri,* Patrick M. Piccione,” 


Rabi Inoubli,” Philippe Poulin** 


Shape-memory polymers can revert to their original shape when they are reheated. The stress 
generated by shape recovery is a growing function of the energy absorbed during deformation at a high 
‘temperature; thus, high energy to failure is a necessary condition for stiong shape-memory materials. 
We report on the properties of composite nanotube fibers that exhibit this particular feature. We 
observed that these composites can generate a stress upon shape recovery up to two orders of 
‘magnitude greater than that generated by conventional polymers. In addition, the nanoparticles induce 
a broadening of the glass transition and a temperature memory with a peak of recovery stress at the 


‘temperature of their initial deformation. 


made of lightweight polymers (2) or metal- 

lic alloys (3). They have been investigated 
for more than 30 years and have applications in 
prckaging, biomedical devices, heat-shrink tubing, 
deployable structures, microdevice, ete. Shape- 
emery polymers are deformed ata igh temper 
ature (7,) and then cooled down under fixed strain 
to trp the deformed polymer chains, thus storing 
mechanical enemzy. Upon reheating typically in the 
Vicinity ofthe glass transition temperature (7,), the 
polymer chains become mabile, and the material 
can relax by everting toward its original and more 
stuble shape, The efficiency of a shape-memory 
polymeris empirically controlled by its composi- 
tion, as defined by the polymer’s chemical struc- 
ture, molecular weight, degree of cross-linking, 
and fraction of amorphous and crystalline do- 
mains (2, 4-7), The energy that is restored with 
shape recovery is a growing function ofthe ener 
ay supplied during the deformation at a high 
temperature (4, 8). Shape-memory polymers can 
exhibit large strain when they revert toward their 
intial shape. Unfortunately, this large strain is 
usually associated with a Tow stress recovery from 
afew tenths of a megapascal to a few tens of 
megapascals (2, 8-17). Consequently, the enemy 
density, which results from a combination of stress 
and strain, is rather low and not among the best as 
compared with other actuator technologies (9), For 
example, the recovery stress of shape-memory 
maiallic alloys can reach 800 MPa for the best 
materials (3), Shape-memory effects of alloys are 
based on a temperature-induced martensitic phase 
transformation fiom a low- to a high-symmetry 
crystallographic structure (3, 12, 13). In spite of 
their lage stress recovery, shape-memory alloys 
have several drawbacks when compared to poly 


Se materials (/) are usually 
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‘mers, They are six times heavier than polymers, 
and their recovery strain does not exceed 8% 
Combining large stress and large strain recovery, 
as well as finding more controlled programming 
procedures, remain critical challenges for the de- 
‘velopment of smarter and stronger shape-memory 
materials, 

The inclusion of nanoparticles has been shown 
to improve the behavior of shape-memory poly- 
mers. These efforts include an increase in their 
mechanical properties (/4-17), the addition of con- 
ductive nanopasticles to achieve shape-memory 
effects, which can be triggered by Joule’s heating 
(28), oF the inclusion of magnetic nanoparticles, 
which can cause heating in the presence of an 
altemating magnetic fiek! (79). Other smart nano- 
composites have been made by adding carbon 
nanotubes (CNT) to conductive polymers (20) or 
elastomers (21). 

We stucied fibers that contain a large fraction 
of CNTs embedded in polyvinyl alcohol (PVA). 
They are obtained by a particular coagulation 
spinning process that allows a homogencous dis- 
tribution of the CNTS within the fibers. Those 
fibers are investigated because they are known to 
exhibit an exceptional energy to failure (22, 23), 
Which is a necessary condition to store a lage 


Stress (MPa) 


400 
‘Strain (%) 


600 


amount of mechanical energy. Elicarb CNTs 
(Single walled nanotubes fom Thomas Swan, 
‘County Durham, United Kingdom) were used 
(see section 1 in 24), The spinning process (25) 
consists of injecting a dispersion of surfactant- 
stabilized CNTS in the co-flowing stream of a co- 
‘agulating polymer solution. PVA (molecular weight 
195,000 provided by Seppic, Paris, France) was 
used as coagulating agent, This method leads 
to nanotube-PVA composite fibers with a frac- 
tion of nanotubes of ~20 weight percent, PVA was 
chosen because it exhibits strong interactions with 
CNTs. This is reflected in the effective coagu- 
lation spinning and high toughness of the com- 
posite fibers. 

‘The obtained fibers are stretched at a deforma- 
‘tion temperature 7 and then cooled dovwn to room 
{emperature under fixed strain, Their length does 
‘not change when the load is released at 
temperature, thus showing good “shape fixity 
‘The fibers, however, shrink substantially when 
they are reheated (24), Quantitative characteriza 
tions are obtained by performing themomechan- 
ical measurements. in a temperature-controlled 
chamber (sce section 3 in 24), Figure 1 shows the 
stress needed to stretch the fibers up 4 800% at 
different temperatures, A greater stress is needed 
{0 deform the fibers at low Ty. At higher Ty, the 
fibers become softer and can be more easily 
deformed this softness is associated with a lower 
supply of mechanical energy. This can be esti- 
mated from Fig. 1, where the area under each 
‘curve corresponds to the energy supplied to the 
fibers at different Ts, from 70° to 180°C, and 
‘upon mechanical suetching, 

‘As shown in Fig. 2, when reheated at fixed 
strain the fibers generate a strong stress with a 
maximum at a well-defined temperature (7,). The 
‘occurrence of peak recovery stress in conditions 
of fixed strain has already boen observed for other 
shape-memory polymers and nanocomposites 
(8, 26), but with no direct link between 7, and Ty 
In conventional materials, the peak of recovery 
stress occurs in the vicinity ofthe glass transition 
(of the neat polymer. In fact, this is intempreted in 
the literature as a direct manifestation ofthe glass 
transition of the pure polymer (26). When the 


Fig. 1. Stress versus strain curves 
cof nanotube-composite fibers. The 
fibers are stretched up to B00% at 
different temperatures (7,). The 
‘area under the curves corresponds 
to the mechanical energy supplied 
to the fibers. 
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materials are initially deformed above the glass 
temperature transition, the peak disappears and the 
stress generated by shape recovery substantially 
decreases. This occurs because polymer chains 
can relax when deformed at temperatures well 
above 7, thus decreasing the potential for stored 
‘mechanical energy. 

In this case, the peak is preserved well above 
the 7; of the neat PVA and, more stikingly, 7; and 
TT are roughly equal. This nearequality means 
that the fibers memorize the temperature at which 
they have been deformed. The peak of stress 
generated can be observed up to 180°C, which is 
~100°C above the 7; of the neat PVA (see section 


Fig. 2. Stress generated by a 
nanocomposite fiber when it is 
reheated, The strain is fixed and 
the temperature is increased from 
room temperature to 230°C at a 
rate of 5°Umin, The different colors 
correspond to the temperatures Ty 
at which the fibers have been 
initially deformed. A peak is ob- 
served in each case for a temper- 
ature T, roughly equal to Ta 


Stress recovery (MPa) 
x 
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Fig. 3. Strain recovery upon re- 
heating in conditions of free load 
for nanotube fibers that have been 
deformed at different Ty. The re- 
‘covery strain is taken as 440). The 
arrows indicate an inflexior! region 
that can be noticed inthe increase 
of strain recovery. 
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Fig. 4. Storage modulus E’ as a 
function of temperature for neat 
and dried PVA (squares) and for 
dried CNT-PVA fibers (circles). The 
Ty of the neat PVA is about 80°C. 
‘The presence of the CNTs substan- 
tially alters the thermomechanical 
properties of the polymer: () The 
storage modulus is greater, Gi) the 
relaxation at T, is not observed 
‘anymore, and (i) the storage mod- 
ulus is much less temperature- 
dependent; indicating thereby 2 
broadening of the glass transition. 
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4 in 24), This distinctive feature provides an op- 
Pertunity to rationally control 7, without varying 
the chemical structure of the material. In addition, 
itis observed thatthe maximal stress generated by 
the fiber is clase to 150 MPs. This value is from 
cone to two orders of magnitude greater than the 
siress generated by conventional shape-memory 
polymers. It is obtained for fibers that have been 
deformed at 70° and 90°C, temperatures that are in 
the vicinity of the 7, of the neat PVA. These tem- 
peratures comespond to the conditions for 
the greatest energy is supplied during the 
deformation. The stress recovery is closer to the 
stress generated by shape-memory maallic alloys, 


— 670°C 
—Ts90 
—Ta 120°C 
—T9 150°C 
—To 180°C 
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which ranges between 200 and 800 MPa for NiTi 
alloys (3, 9, 12, 13). However, nanotube fibers, like 
‘other polymeric materials, are much lighter (1.4 
‘versus 65 giem’ for NiTi) and exhibit strain 
recovery greater than that of the best metallic alloys 
(several tens of a parent versus 8% for Ni 

‘The strain recovery rate under conditions of 
free load is shown in Fig. 3. The strain recovery 
rateis taken as", where (y isthe length of the 
fiber afier deformation at 7, and cooling at room 
‘temperature, and /(7) is the length of the fiber upon 
reheating at a given temperature 7; Other practical 
‘examples of lange strain recovery are shown in 
Movies S! and S2 (24). The curves in Fig. 3 are 
‘shified to the right with increasing Ty. This isagain 
a consequence of the temperature memory, and 
fibers that have been stretched at greater Ty recover 
their shape at higher temperatures. An inflexion 
region can be seen in the curves of Fig. 3, The 
temperature of this inflexion is close to Ty Ale 
though the temperature memory is more clearly 
‘observed through peaks of recovery stress, i is till 
apparent in strain recovery experiments, 

Additionally, because CNT fibers are electri- 
cally conductive, the thermal shape-memory 
effects can be triggered by Joule’s heating when 
‘an electrical current is passed though the fiber 
(24). This can be beneficial forthe direct use in 
microdevices where heating by an extemal source 
canbe difficult. 

‘The present results ean be understood on the 
basis of previous knowledge of the structure of 
CNT-PVA fibers and on the main known features 
‘of nanocomposites and shape-memory polymers 
‘Shape-memory polymers usually involve two 
phases (2, 4. $, 17): (i) a fixed one, which can be 
‘made of crystallites, rigid segments, or chemical 
cross-links, and (i) a mobile one, which is made 
‘of amorphous polymer, The latter drives shape 
memory effects through elongation and contrac- 
tion of the polymer chains during programming 
and shape recovery, respectively, but the fixed 
phase is necessary to lock deformations in the 
‘material. Shapememory effects are more pro 
‘nounced in the vicinity of Ty, because this tem- 
perature comesponds to the relaxation of the 
amorphous fractions of the polymer, CNTs 
‘substantially alter the thermomechanical proper- 
ties ofthe composite fibers in several ways, Fist, 
and as shown in Fig, 4, they act as reinforcements, 
characterized by an increase of one order of 
‘magnitude of the storage modulus, Second and 
as already reported (23, 27), they favor the 
‘stabilization of crystalline domains, This can 
contribute to the locking of mechanical con- 
‘straints. Ina similar way, Meng ef al, reported 
that CNTs can interact with the rigid segments of 
block copolymers to improve shape-memory 
phenomena (17). However, the most distinctive 
feature arises from the alteration of the relaxations 
of the polymer, 

‘Neat PVA can exhibit several thermomechan- 
ical relaxations, depending on its degree of eross- 
linking and humidity (28), The T, of the material 
presently used is about 80°C in its dry state (24), 
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‘The relaxation at Ty is characterized by a lange 
decrease of the storage modulus (28). The main 
relaxation in the vicinity of T, is not seen in the 
presence of CNTs. The storage modulus is less 
temperature-dependent and reflects a broadening 
of the glass transition. It has been shown that 
lange gradients of T can develop atthe interface 
of nanoparticles (29). The transition can be 
shifted up by more than 100°C when the polymer 
is confined at 1_nm from the interface and by 
only a few degrees Celsius at 10 nm (29). The 
effect becomes negligible at greater distances. 

‘The average diameter of the polymer layers 
around the CNTs is D = nV, where r is the 
average diameter of the CNT bundles, and 9 is 
the CNT volume fraction, This yields D = 11 nm 
by assuming  ~ $ nm and an equal density for 
the CNTs and the polymer (24). The polymer 
shells around the CNTs largely overlap and 
percolate, such as the CNTs themselves, meaning 
that there is a distribution of polymer-to-CNT 
distances that ranges from molecular contact to 
several nanometers, This distribution of con- 
finement results in a wide broadening of the 
relaxation-time spectrum and specifically the 
glass transition through a distribution of polymer 
factions that exhibit different T,. This property is 
responsible for peaks of stress recovery well 
above the 7; of the neat polymer. Indeed, when 
the material is stretched at Ty the polymer 
fractions that have lower J, (far from the 
interface) can quickly relax and do not efficiently 
Participate in the storage of mechanical energy. In 
contrast, polymer fractions with Tj close to Ta 
dominate the behavior by storing and restoring 
‘mechanical energy. Composites treated in the vi 
cinity of 7, of the neat polymer still exhibit higher 
toughness and generate greater stress recovery 
than those treated at temperatures well above 7, of 
the neat polymer, Ths indicates that the fractions 
‘of amorphous polymer with unshifted or slightly 
shifled 7, remain the major components of the 
‘composite. Polymer fractions with strongly shifted 
sass transition are confined in smaller volumes 
closer tothe interface ofthe nanotubes. The effsct 
of the polymer factions with high Ty is thus less 
pronounced. The lower volume of more confined 
polymer results in lower recovery stress at high 
temperatures, as experimentally observed. The de 
creasing volume of polymer fractions closer to the 
CNT interfaces can also contribute in sharpening 
memory effects, Polymer factions with 7, above 
7 cn participate inthe shape-memory behavior, 
but their volume becomes smaller as we consider 
higher Ty This lowers the recovery stress above Ty 
and contributes. in defining more precisely the 
temperature of maximal recovery sts. 

‘The phenomena investigated herein, and 
shape-memory properties in general, are expected 
to depend on kinetics, such as the glass transition 
of conventional polymers. But relaxations in 
lasses become exponentially slow or fast when 
the temperature is shifted, respectively, below or 
above temperatures of the glass transition region. 
‘The present effects have been observed ffom 70° 
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to 180°C in the same conditions, meaning that 
temperature memorization is not incidentally due 
(othe heating rate. Preliminary experiments witha 
heating rate of 1°C'min confirmed this feature 
and yielded the same temperature-memory behav- 
jor. Furthermore, the intrinsic mechanical prop- 
eties of the CNTS are not expected to play a 
Critical role in the investigated phenomena because 
the levels of mechanical stresses are too low to 
schieve large deformations of the CNTS. The 
‘Young's modulus of CNTs is several hundred 
sigapascals (30), whereas the maximal stress of 
the composite fibers during deformation does not 
exceed 0.5 GPa. However, polymer nanoconfine- 
‘ment and the high ffaction of CNTS are essential 
features to achieve temperature-memory and 
strong shape-memory effects through alterations 
of the thermomechanical properties ofthe polymer. 
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Efficient Transplantation via 
Antibody-Based Clearance of 
Hematopoietic Stem Cell Niches 


‘Agniestka Czechowicz, Daniel Kraft, Irving L. Weissman,*t Deepta Bhattacharyat 


Upon intravenous transplantation, hematopoietic stem cells (HSC9) can home to specialized 
niches, yet most HSCs fail to engraft unless recipients are subjected to toxic preconditioning. 

We provide evidence that, aside from immune barriers, donor HSC engraftment is restricted by 
‘occupancy of appropriate niches by host HSCs. Administration of ACK2, an antibody that blocks 
Chit function, led to the transient removal of >98% of endogenous HSCs in immunodeficient mice. 
Subsequent transplantation of these mice with donor HSCs led to chimerism levels of up to 90%. 
Extrapolation of these methods to humans may enable mild but effective conditioning regimens 


for transplantation. 


ogencic bone marrow transplantation 

(BMT) generally requires conditioning 

of the recipient through cytoreductive 
treatments to prevent immunological rejection of 
the grafl. Because these regimens can be asso- 
ciated with serious side effects (J), such prepara 
tive treatments are often omitted for patients with 
diseases such as severe combined immuno- 


deficiency (SCID), as these patients are incapable 
‘of rejecting donor grafts (2). Nonetheless, al 
‘though large numbers of B and T lymphocytes are 
at least transiently generated, the levels of donor 
HSC engraftment are usually less than 1% after 
‘transplantation into unconditioned SCID recipi- 
cents (3-6). Although several studies have con- 
cluded that transplanted HSCs can easily replace 
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endogenous HSCs without conditioning (7, 8), 
earlier studies suggested that the availability of 
niches is a limiting factor to transplantation (9), 
‘Thus, we reasoned that donor HSC engrafiment 
might be limited by the occupancy of appropriate 
niches by endogenous HSCs, and that the devel- 
‘opment of reagents that specifically remove host 
HSCs could lead to safer transplantation-tused 
therapies for hematological and nonhematological 
dlisorders than those currently in use. 

‘To address whether endogenous HSCs could 
be replaced by transplanted HSCs ina linear dose- 
‘dependent manner, we transplanted unconditioned 
Rag?” ye™ mice (10, 17) with varying numbers 
of c-kit’ lineage” Sea-I (KLS) CD34 CD1S0" 
HSCs from mice expressing green fluorescent pro- 
(GFP) driven by the Bractin promoter (12-16). 
Peripheral blood granulocyte chimerism was mea 
sured at 16 weeks after transplant this method has 
been. shown to accurately reflect donor HSC 
chimerism in this system (3, 15}, Donor granulo- 
cyte chimerism increased measurably in doses of 
10 to 250 transplanted HSCs, but transplantation 
of more than 250 cells led to at most modest 
increases in chimerism (Fig, 1). Transplantation of 
18,000 HSCs, representing ~70% of the total 
‘number of HSCs in an adult mouse (17, 18), led to 
‘a mean chimerism of only 3% (Fig. 1, top pane!) 
‘Similar results were obtained through transplanta 
tion of unfractionated bone marrow (12) (fig. $1) 
‘These data suggest that without conditioning, 
HSC engraftment is limited by the number of satu- 
rable niches that are empty at the time of transplan 
oor become empty as the transplanted cells still 
su 


‘To determine the specificity of these niches, 
we competitively wansplanted unconditioned 
Rag?” ye” (CDA5.2) mice with 1000 CD45.1 
HSCs along with 100000 GFP" KLS CD34" 
progenitor cells, which are the immediate progeny 
of HSCs (/6, 19). No significant difference in 
donor HSC chimerism was observed in these mice 
relative t0 recipients that received 1000 HSCs 
alone (P= 0.77) (Fig, 1, lower right panel), which 
suggests that HSCs and their immediate progeny 
use distinct niches fo maintain function. 

To determine whether the specific elimination 
‘of host HSCs would allow for high levels of donor 
HSC engraftment, we compared a number of dif 
ferent candidate HSC-depleting monoclonal anti- 
bodies, including a-Scal (/3), a-integrin a (20), 
and a-ESAM 1 (2/), but ultimately selected ACK2, 
‘an antibody known to recognize and antagonize 
c-kit (22), the receptor for stem cell factor (SCF) 
(23). We reasoned that if the ACK2 antibody were 
capable of depleting endogenous HSCs, residual 
antibody in the serum of mice would also deplete 
transplanted donor HSCs. To determine the 


Institute of Stem Cell Biology and Regenerative Medicine, 
Departments of Pathology and Developmental Biology, 
Stanford University School of Medicine, Stanford, CA 
94305, USA 

‘Ta whom correspondence shoud be addressed. E-mait 


inw@stantord.edu 
ies aus cnt equa o this wok 


www.sciencemag.org 


kinetics of antibody clearance in vivo, we admin- 
istered ACK2 intravenously to Rag?” ye mice 
and tested the serum for the presence of antibody 
(12), ACK2 remained in the serum until $ days 
after injection; however, no ACK2 was detected 
by 7 oF 8 days afler injection (Fig. 2A), All mice 
survived the ACK2 treatment with no obvious 
signs of distess(/2) (table SI and fg. $2). Atthis 


Fig. 1. Available HSC niches can be satu- 
‘ated with donor HSCs. Peripheral blood of 
‘transplanted unconditioned RAG2™~ yc 
mice was analyzed 16 weeks after HSC 
transplantation for GFP* granulocytes. The 
lower panel represents an expanded view 
of results from transplantation of 10 to 
1000 HSCs. in the lower right panel, mice 
were cotransplanted with 1000 CD45.1 
HSCs and 100,000 GFP* KLS CD34" cells. 
Mean values SEM are shown (n = 4 or 
5 for each dose); **P < 0.05 relative to 
the chimerism arising from the 10 HSC— 
transplanted group. The dashed line rep- 
resents the theoretical HSC chimerism if 
engraftment were to increase linearly with 
transplanted cell dose from the observed 
chimerism at the 50 HSC™dose group. 


% donor granulocyte chimerism 


Fig. 2. ACK2 treatment de- 
pletes HSCs in vivo. (A) ACK2 is 
cleared from serum of RAG2 
ye” mice 7 days after injec- 
tion. Serum of mice receiving 
500 jug of ACK2 was analyzed 
every 2 days for ACK2 antibody 
by staining kit” mast cells 
G1), (B) ACK2 administration 
leads to depletion of bone 
marrow HSCs. Numbers of KLS 
(D135- CD1SO* HSCs were 
determined in femurs and tibia 
of ACK2-treated and control 
mice. Mean values + SEM are 
shown (o = 3 for each time 
point); **P < 0.001. (C) ACK2 
‘treatment, but not 288 treat- 
iment, depletes functional HSCs 
from bone marrow. We trans- 
planted 200,000 unfraction- 
ated bone marrow cells from 
RAG2~~ yc" mice, treated 
with 500 ug of ACK2 oF 288 9 
days eartes, into wildtype ir- 
radiated recipients alongside 
200,000 untreated competitor 
wild-type bone marrow cells 
Mean values SEM are shown 
(1 =5 to 8); *P < 001. (0) 
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time point, a ~99% decrease in the number of 
HSCs (Fig. 2B) was observed, and comparable 
levels of depletion were observed in B cell 

deficient and wikltype mice (12) (fig. $3). To 
further confirm HSC depletion, we transplanted 
000 bone marrow cells into lethally irradiated 
recipients 9 days afler ACK2 treatment (12). 
‘Transplantation of bone marrow from ACK2- 


ACK2 treatment does not di- 
rectly cause HSC mobilization 


to the spleen. Entire splenocyte populations from mice treated with S00 yg of ACK2 9 days earier were 
‘transplanted alongside 200,000 competitor bone marrow cells from wild-type mice. Mean values + SEM 
are shown (n = 3to 9); "P< 0.001. (E) ACK2 inhibits SCF-mediated HSC proliferation, HSCs were isolated 
from wild-type mice, plated at 10 cells per well cultured in the presence of SCF or TPO and ACK2 or 288, 
Proliferation was cbserved by light microscopy. "*P < 0.05 as compared to ACK2-treated samples. 
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treated animals led to >90% lower engraftment 
relative to controls (Fig, 2C), thus confirming that 
ACK2 depletes finctional HSCs from the bone 
marow, 

‘To determine the mobilizing effects of ACK2 
treatment, we transplanted the entire splenocyte 
populations of ACK2-conditioned animals into 
lethally imadiated recipients (/2). The donor chi- 


Fig. 3. ACK2 treatment en- A_os) 
hhances HSC engraftment. (A) & 
ACK2 conditioning leads to ‘a 
hhigher donor myeloid chime- 

ism. Donor granulocyte chime- 15) 
rism was measured after 
‘transplantation of $000 HSCs 

in RAG2~~ mice conditioned 
with ACK2 7 days before trans- 
plant and compared to that of 
unconditioned mice. Mean 
values + SEM are shown (n = 
4); *P < 0.01. (B) HSC trans- 
plantation of ACK2-treated 
animals leads to lymphocyte 
reconstitution. We enumerated 
splenic donor-derived 8 and T 
cells from ACK2-treated and 
unconditioned RAG2”” mice 
39 weeks after transplantation 
with wild-type HSCs, Mean 
values SEM are shown (7 = 
3 to 5} **P < 0.01. (C) Grane» 


merism resulting from ACK2-treated splenocytes 
‘was reduced by >95% relative to controls (Fig. 
2D). These data indicate that ACK2 trestment 
does not induce HSC depletion from the bone 
marrow by mobilizing HSCs to the spleen, More- 
‘over, we were unable to detect HSCs in the spleen, 
liver, orblood afier ACK2 treatment by fw eytom- 
etry (fig. S4). Mobilization was only observed 
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locyte chimerism accurately measures bone marrow HSC chimerism. Peripheral blood granulocyte (Ter119™ 
D3" 8220" Mac-1"™”" side scatter"®") chimerism at 37 weeks after transplantation was correlated with HSC 
(hit* tineage™ Sca-1* CD34" CD150") chimerism in the bone marrow at 39 weeks after transplantation 
‘upon killing. Solid tne ilustrates linear regression, with 95% confidence interval shaded in gray. Dashed 
tine represents theoretical values if donor granulocyte chimerism were identical to donar HSC chimerism. (D) 
Secondarly transplanted donor HSCs from ACK2-treated mice give rise to long-term mutilineage 
engraftment. Peripheral blood chimerism of B cells (8), T celts (1, and granulocytes (G) is shown 16 weeks 


after secondary transplant for two independent experiments. Mean values + SEM are shown (n = 7 or 


each experiment). 

Fig. 4 Donor chimerism in- A aa 

creases with transplanted HSC Baws Exp 4.vks-B9.2 
cell number in ACK2-treated 5 ol 24 


mice, (A) ACK2 treatment in- 
creases available HSC niche 
space. In two separate experi- 
ments, RAG2~~ yc" mice were 
‘treated with ACK2 and trans- 
planted 9 days later with vary- 
ing doses of HSCS (CD45.1). 
Donor granulocyte chimerism 
was measured as above 24 


® + donor granulscyte chimerism > 


‘weeks after transplantation for 


the first experiment, and 4 
‘weeks after transplantation for 
‘the second experiment. Mean 


values + SEM are shown. (8) § 
Flow cytometry profiles of mice | 
transplanted with 35,000 HSCs. 

8 


Chimerism of CD3~_ 8220" 
Mact"®" side scatter"? peri- 
pheral blood granulocytes is 
shown. Numerical values repre- 


rs 


cand 


sent percent donar chimerism. 


23 NOVEMBER 2007 VOL318 SCIENCE 


‘COs52 fecpient) 


during the recovery phase, well after ACK2 had 
already cleared from the serum (fig. S5). 

‘To determine the mechanism by which ACK2 
depletes HSCs, we compared the effects of ACK2 
‘teatment to that of 288, another c-kit monoclonal 
antibody of the same IgG2b isotype. 2B8 treat- 
‘ment did not decrease functional HSC numbers in 
vivo, as transplantation of bone marrow cells from 
mice treated with 2BS resulted in levels ofengraft- 
‘ment similar to those of controls (Fig, 2C). Next, 
‘we cultured purified HSCs in the presence of 
ACK2 and found that it completely inhibited 
'SCF-dependent proliferation, but not thrombo- 
poictin (TPO)-mediated proliferation (Fig. 2E) 
(12), These data, along with data showing that 
distinct ckit-expressing progenitors are depleted 
at differential rates (12) (fg. $6), suggest that 
‘ACK2 does not deplete dough Fe-madiated func- 
tions. Rather, consistent with studies using c-kit 

: ‘the complete inhibition 
of ckit signaling by ACK2 (Fig. 2E) can deplete 
HSCs, whereas the partial inhibition by 2B8 
cannot, 

23 days afler treatment, HSC cell surice 
profiles (fig. SS) and numbers (Fig, 2B) had 
‘etumed to near normal levels, These data indicate 
‘that ACK2 causes a marked but transient depletion 
‘of host HSCs and results in a short window during, 
‘which ACK2-treated animals might be receptive 
{© donor HSC transplantation, To test whether the 
ablation of host HSCs could improve the efficien- 
ey of donor HSC engraftment, we conditioned 
RAG2~ (CD4S.1) mice with ACK2 and trans- 
planted them with S000 wild-type CD45.2 HSCs 
after serum clearance of ACK2, The mean donor 
‘granulocyte chimerism at 37 weeks afler trans 
plant was 16.1%, reflecting a factor of >10 
‘erease over control recipients (Fig, 3A), These 
cengrafled HSCs also gave rise to peripheral B 
3B), 

We also analyzed bone mamrow HSC chime- 
‘ism directly at this late time point to confirm the 
increase in engraftment, and found that it comre- 
lated well with peripheral blood granulocyte 
chimerism (Fig. 3C), Sccondary transplants of 
donor HSCs re-isolated from primary recipients 
Jed to multilineage engraftment for at least 16 
‘weeks afer transplant (Fig. 3D), confirming that 
‘transplanted HSCs regain their normal cell surface 
‘phenotype and cell cycle status fig. $7) by atleast 
7 to 9 months after transplant in ACK2-teated 
animals (12), 

‘These data did not distinguish whether ACK2 
treatment increased niche space or whether, a in 
‘unconditioned animals, only a small fraction of 
‘transplanted HSCs intially engrafted but then com 
petitvely expanded, If niche space had truly been 
fied, HSC chimerism woul! be expected 10 in- 
crease linearly with transplanted cell dase. To dis- 
‘inguish berween these allematives, we transplanted 
ACK2-conditioned RAG2” ye" (CD4S.2) 
recipient mice with varying doses of CD4S.1 
HSCs. Donor engraftment increased linearly with 
‘transplanted HSC dase in two independent exper- 
iments at both early and late time points (Fig. 4A), 
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‘consistent with the emptying of HSC niches by 
ACK2 treatment. Strikingly, donor chimerism 
values of up to 90% were achieved at the 35,000 
HSC dose (Fig. 4B) and upon repetitive rounds of 
ACK2 treatment and transplantation of a total of 
15,000 HSCs (fig.S8), which, upon extrapolation 
to humans, is clinically obtainable number (/2) 

‘Allogeneic BMT is used routinely for a num- 
ber of clinical purposes, such as for the treatment 
of SCID (26, 27). Our results provide evidence 
that in the absence of conditioning, donor HSC 
engraftment is limited by the occupancy of appro- 
priate niches by host HSCs. These data offer an 
explanation for the poor donor HSC engraftment 
observed in unconditioned SCID patients (4, 5), 
Which in tum may be responsible for the low 
levels of donor B Iymphopoiesis an the finite 
duration of T eell production (6, 28). 

We have shown that administration of ACK2 
in vivo leads t the rapid but transient depletion of 
host HSCs, and that subsequent transplantation of | 
highly purified HSCs leads to donor chimerism 
levels of up 10 90% When coupled with highly 
specific immunosuppressive depleting antiboxies, 
shown to be effective in both mice (29) and hu 
‘mans (30) as transplantation conditioners, the use 
of HSC-specific depleting antibodies may be an 
attractive altemative to conventional methods of 
conditioning {which carry serious health risks (/)] 
an may thus inerease the utility of allogencic 
BMT for both hematological and nonhematolog- 
ical disorders. 
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Requirement of Inositol Pyrophosphates 
for Full Exocytotic Capacity in 


Pancreatic B Cells 


Christopher Illies,? Jesper 


Gromada,’ Roberta Fiume,’ Barbara Leibiger,’ Jia Yu," 


Kirstine Juhl,? Shao-Nian Yang,’ Deb K. Barma,* John R. Falck,* Adolfo Saiardi,> 


Christopher J. Barker,’* Per-Olof Berggren* 


Inositol pyrophosphates are recognized components of cellular processes that regulate vesicle 
trafficking, telomere length, and apoptosis. We observed that pancreatic B cells maintain 
high basal concentrations of the pyrophosphate diphosphoinositol pentakisphosphate (InsP, or 
1P;). Inositol hexakisphosphate kinases (IP6Ks) that can generate IP, were overexpressed. 
This overexpression stimulated exocytosis of insulin-containing granules from the readily 


releasable pool. Exogenously applied |P, dose-dependently enhanced exocytosis at physiological 
concentrations. We determined that IP6K1 and IP6K2 were present in B cells. RNA silencing of 
IP6K1, but not 1P6K2, inhibited exocytosis, which suggests that IP6K2 is the critical endogenous 
kinase, Maintenance of high concentrations of IP, in the pancreatic B cell may enhance the 
immediate exocytotic capacity and consequently allow rapid adjustment of insulin secretion in 


response to increased demand. 


hhosphoinositides have a prominent role in 

cellular signal-tnsduetion events (I-3), 

Highly phosphorylated inositol polyphos- 
phates, distant derivatives of the inositol 1,4,5- 
trisphosphate (IPs) second messenger, function 
in signaltransduction and cellular regulation 
(4-6). The pyrophosphate derivatives of IP, di- 


www.sciencemag.org 


phosphoinositol pentakisphosphate, and bis- 
(Ciphospho)inositol tetrakisphosphate are com- 
monly referred to as IP, ang IP, (also, InsP; and 
InsP, respectively). These inositol pyrophosphate 
derivatives rapidly tumover and are estimated 
to have similar free energy of hydrolysis to that 
of adenosine 5'-triphosphate (ATP) (4). A strik- 


ing consequence of this high-energy phosphate 
‘group is the ability of IP, t phosphorylate a 
subset of proteins directly in an ATP- and 
‘enzyme-independent manner (7). The variety of 
cellular responses that are apparently controlled 
bby inositol pyrophosphates (4, 8) may be 
facilitated by the differential intracellular di 
tribution of the kinases that make them (9). The 
concentrations of inositol pyrophosphates can 
bbe dynamically regulated during key cellular 
‘events. For example, IP) concentrations change 
during cell cycle progression (10), and IP; reg- 
‘ulate eyetin-cyclin-dependent kinase complexes 
(11), whereas IP increases acutely in response 
to cellular stress (8). IP, also functions as an 
‘enzymatic cofactor (4), and s0, by analogy, itis 
possible that even at concentrations found in 
‘unstimulated cells, IP, could be an important reg- 
ulatory molecule, 
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Phosphoinositides are key regulators of the 
insulin-secreting pancreatic 8 cell (/2), These cells 
influence blood glucose homeostasis by coupling 
increases in the concentration of glucose and other 
circulatory oF neuronal-derived regulators to the 
exocytosis ofinsulin. I, activates voltage<lepencent 
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Fig. 2. Concentrations of IP, in pancreatic f cells. 
(A) Comparison of ?H-labeled IP, as a percentage 
of *H-labeled IP, in pancreatic islets or insulin 
secreting HIT-TAS5 cells, Data are from three or four 
Separate experiments *P < 0.05, two-tailed f test. 
(B) The islet data from (A) were transformed to take 
into account the different cell composition of lean 
mouse (60%) versus ob/ob mouse (90% islets. 


LaypeCa™ channels (/3), exocytosis (14, 15), and 
ddynamin-mediated endocytosis (/6), all key pro- 
cesses in insulin secretion. A role for IP, inthe 
cell has not yet been detemninad, However, given 
the suggested involvement of inositol pyrophos- 
phates in vesicle trafficking (4, the critical nature of 
such traficking events far the process of insulin 
exocytenis and the high B cell concentration of IP, 
(13) the immediate precursor of IP,, we explored a 
possible role for IP, in the regulation of insulin 
exocytenis. 

We used ["H]m1yo-inositol labeling to exam- 
ine insulin-secreting cells and pancreatic islets for 
the presence of various inositol pyrophosphate 
species. IP, was identified by its coelution with a 
bona fide IP; standard (fig. S1) (17). Very litle 
IP, was detectable, In normal mouse pancreatic 
islets (60% B ces), the relative concentration of 
IP, was 5.21 + 0.12% (+ SEM, n = 3) of IP, In 
contrast, the percentage of IP> in islets from 
‘ob/ob mice, which have more than 90% B cells, 
‘was significantly greater, ie, 7.71 + 0.93% of IP, 
(© SEM, n = 4; P< 0.05; unpaired, two-tailed 
1 test). This suggests that the increased IP; con- 
centrations might be restricted primarily to the 
cells. When we normalized the primary mouse 


data, on the assumption that only B cells make IP 
(Fig. 1B), they suggested that the cells maintain 
IP; levels at about 9% of those of IPy. OF the 
insulin-secreting cell lines, only hamster HIT-T15 
cells have a considerable amount of IP, (10% of 
that of IP.) (Fig. 1A), We used equilibrium label- 
ing techniques (13) to estimate thatthe basal con= 
centration of IP; in HIT-T15 cells was 5.8 + 
0.14 uM (SEM, n= 3), which reflects a concen- 
‘vation at the top end of the mange that has been 
‘estimated in other mammalian cells or yeast (1 0 
5 UM) (4), Because IP, is in a state of rapid ex- 
‘change with the cellular IP, pool in mammalian 
cells (4) and because the cellular concentra 
Of IP, in B cells is also high (/3), itis perhaps 
‘not surprising that IP, in these cells is at high 
concentrations, 

To investigate whether high IP; concentra- 
tions keep B cells in a responsive state, We over 
‘expressed all three reported mammalian IP6KS in 
Primary f cellsand examined whether stimulated 
‘exocytosis was enhanced, We used cell capaci- 
tance as a measure of exocytosis, detecting the 
increase in f cell surface area that occurs when 
the insulin-containing granules fuse with the 
plasma membrane (78), The perforated patch 


Fig. 2. increased exo- 
cftasis in pancreatic 
cells after expression of 
1P6Ks, (A) Individual 
mouse f cellswere trans- 
fected with enhanced 
green fluorescent pro- 
tein (EGFP) (mock) oF 
combination of EGFP and 
either wildtype (6K) 
or a catalytically inactive 
(P6K1-K/A) variant of 
16K. Increases in cell capacitance (AC,) were elicited by a train of four 
'500-ms depolarizations (1 H2) by using the perforated patch configuration. 
‘The extraceltular medium contained 3 mM glucose. Recordings are rep- 
resentative of 8 to 12 different experiments. (B) Histogram summarizing the 
average increment in cell capacitance per pulse (ACun~ ACnq ) during the 
train in cells mock-transfected o overexpressing either IP6K1 or IP6K1-K/A. 
‘Values: SEM are from 8 to 12 experiments. *P < 0.05 from Dunnett’ test for 
multiple comparisons. (C) Average total increase in cell capacitance at the 
tend of the train in mock-transfected cells or cells overexpressing either 


A B 
vn, ° LLL 
P61 


Mock 
ee PRK, 


1s 


Fig. 3. Promotion of A c 
Cat*-dependent exo- yg £200) ocontrot 70 
eytosis by SP Indi> (mV) -70. Ziso] SFr 50 
vidual mouse cells veal e € 
were subjected to a 100: “E100: 
train of four S00-ms — SCm_ S g 
depolarizations (1. He) 150%F 5 so) 
by using the standard ee 
g ant 
whole-cell patch-clamp 2 a2 Bit © Gober y 10 Teo 
configuration. (A) Exo- Depolarization # 51P, (uM) 


cytosis was observed 
under control conditions and in the presence of 3 jiM 5-IP, in the pipette- 
filling solution. 5-1P, was allowed to diffuse into the cell for 2 min before 
initiation of the experiment. Recordings are representative of six experiments 
for both conditions. (B) Histogram summarizing the average increment in cell 
capacitance per pulse (Cay ACmq — ) duting the train in the absence or 
presence of 3M S-IP, in the pipett-filing solution. Values SEM are from 
six experiments. *P < 0.05 from Dunnet’s test for multiple comparisons. (C) 
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1P6Kn or IP6Kn-K/A type 1, 2, and 3 kinase, respectively. Values + SEM are 
from 7 to 12 experiments. *P < 0.05 from Dunnett's test for muttipte 
comparisons. (D) INS-1E cells cotransfected with pCMVS-hGH and empty 
vector (pcDNA3) (mock-transfected) or with pCMVS-hGH and IP6Kn or IP6Kn- 
WA types 1, 2, and 3 kinase, respectively. hGH secretion was measured in 
Krebs-Ringer bicarbonate Hepes buffer with 3 mM glucose. The amount of 
secreted hGH is expressed as a percentage of total hGH in the cells. Values + 
‘SEM are from three experiments (each in triplicate). *? < 0.05 from Dunnett's 
test for multiple comparisons. 


Concentration dependence of stimulatory action of 5-IP, on exocytosis. The 
curve represents a least-squares fit of the mean data points to the Hill 
equation. Values + SEM are from five to seven experiments. *P <0.05 from 
Dunnett's test for multiple comparisons. (D) A comparison of several tomers 
of IP, at a 10 uM concentration on total increase in exocytosis with the same 
protocols as in (A) Values SEM are from five to eight experiments. *P < 0.05 
from Dunnett's test for mutiple comparisons. 
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‘whole-cell technique was used to allow measure- 
‘ments in metabolically intct cells, and exocyto~ 
sis was elicited by groups of four S00-ms 
depolarizing pulses from -70 to 0 mV. in mock- 
transfected cells, capacitance increased by 79 + 
11 FF (n= 8) (Fig. 2, A and B), In cells over 
expressing IP6K1, the amplitude of the capaci- 
tance increase averaged 198 +12 FF (n= 10; P< 
0.05), whereas no effect on exocytosis was ob- 
served in cells overexpressing a catalytically in- 
active version of IP6KI (Fig. 2, A and B). The 
capacitance increase evoked by the first de- 
polarization was augmented by 293% in cells 
overexpressing wiltype IP6KI. Exocytosis 
during the first depolarization is thought w large 
ly represent the content of the readily releasable 
pool (RRP) of exocytotic granules (/9). The size 
of the RRP (in femtofarads) can be estimated by 
using the equation: RRP = SI ~ R°), where Sis 
the sum of the responses to the first (AC;) pulse 
and the second (AC3) pulse, and & is the ratio 
ACYAC; (19). We estimate that the RRP aver- 
aged 96-+9 IF (n = 8)and 225+ 21 F (n= 10) in 
‘mockctransfected and wikltype IP6K | transfected 
cells, respectively. Thus, IP6KI increased the 
size of the RRP by 134%. Using a conversion 
factor of 3 F per granule (20), we estimated that 
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the RRP contained 30 granules in mock-trans- 
fected and 75 granules in wild-type [PGK trans- 
fected cells. The stimulatory action of IP6K.1 was 
restricted to the first depolarization, and litte en- 
hancement was seen over that observed in mock- 
transfected cells during the final three pulses (Fig. 
2A), This became obvious when the net increase 
per pulse was plotted (Fig. 2B). The exhaustion 
of the exocyotic response during the tain appeared 
rot 1 refleet inactivation of the depolaization- 
induced Ca™* current, because the change in the 
integrated Ca” current (Qe..) was much smaller 
20") than the decrease in exocytosis (fig. S2), 
but also see (2/). 

AAs did IP6K1, IP6K2 and IP6K3 also stim- 
tulated exocytosis (Fig. 2C). Overexpression of a 
catalytically inactive version of 1P6K2 and IP6K3 
did not affect the exocytotic capacity (Fig. 2C). 
‘Wealso overexpressed [P6K I-3 in rat insulinoma 
INS-LE cells in a human growth hormone (hGH) 
transient cotransfection assay, in which hGH acted 
sa reporter of exocytosis from transfected cells, 
‘Total increases in cell capacitance in INS-1E cells 
overexpressing IP6K1 (212+ 28 fF; n = S$) were 
comparable to those observed in primary mouse 
Bicells (201 +16 fF; n = 12), Overexpression of 
cach IP6K.-stimulated hGH secretion was 150% 
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Fig. 4. (A) RNA silencing of IP6K1, but not IP6K2, inhibits release of granules from the RRP. Total RNA 
‘was extracted from islets and MINém9 cells and reverse-transcribed. Relative expression of mRNA was 
measured by quantitative reattime PCR with the use of appropriate primers and probes. Primers and 
probe for 185 ribosomal RNA were used as endogenous control. (B) Mouse i cells were transfected with 
fluorescently tagged siRNA to IP6K1 oF a negative control at 25 nM and were subjected to a train of four 
'500-ms depolarizations (1 H2) with the perforated patch configuration. Increases in cell capacitance (AC,,) 
were measured in fluorescent cells at 3 mM glucose in the extracellular medium. Recordings are 
representative of sx control) and eight (iRNA-treated cells) experiments. (C) Histogram summarizing the 
average increment in cell capacitance per pulse (SCun — ACmy — x) during the train in cells mock- 
transfected or overexpressing ether siRNA to IP6K1 or negative control. Values + SEM are from six and 
eight experiments. *P < 0.05 from Dunnett's test for multiple comparisons. (D) Effect of siRNA to IP6K. 
and IP6K2 on total capacitance increase. Values + SEM are from five to eight experiments. *P < 0.05 from 
Dunnett's test for multiple comparisons. (E) Effect of S-IP, on exocytosis under control conditions and in 
cells with reduced expression levels of IP6K1 (whole-cell patch, see Fig. 3). Values = SEM are from five or 
six experiments. *P < 0.05 from Dunnett’ test for multiple comparisons. 
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above basal (n= 9 10 12; P-<0,05), an effect that 
was not shared by their catalytically inactive mu- 
tants (Fig. 2D). 

IP6KS can also use IPS as a substrate, gen- 
crating a different subset of inositol pyrophos- 
phates (4). Therefore, we verified that 5-IP, 
(mammalian IP) with pyrophosphate in the 3 
positon) directly promoted exocytosis (Fig. 3, A 
10 C), We also assessed other isomers of IP; (Fig. 
3D). To measure the effects of S-IP; on exo- 
eytosis, we applied trains of depolarizations in 
standard whole-cell patch-clamp experiments in 
‘which the B cell was dialyzed for 2 min with a 
solution containing 3 j1M S-1P), A. group con- 
sisting of four 500-ms depolarizations was then 
applied to evoke exocytosis. In a series of six 
‘experiments, the total increase in cell capacitance 
amounted to 231 + 12 4F (P< 0.01) in the pres- 
‘ence of 3 jiM S-IP, in the pipett-filling solution 
and 77 + 11 fF under control conditions, re 
spectively (Fig, 3A), As was the case for cells 
‘overexpressing the IP6Ks, the capacitance was 
primarily increased by the first depolarization in 
the presence of S-IP,, with little effect of the 
‘subsequent three depolarizations (Fig, 3B), The 
ability of 5-IP, to stimulate exocytosis was not 
associated with a change in the whole-cell Ca”* 
‘current (fig. $3). The stimulatory action of SIP 
‘on exocytosis was concentration-dependent (Fig. 
30), with a halfsmaximal stimulatory effect at 
1,02 uM, and a cooperativity factor of 1.5. Thus, 
S-IP, enhanced exocytosis within the physiolog- 
ical range of IP, concentrations (1 t0 10 41M). 
Other isomers of IP, also stimulated exocytosis 
a 10 uM. CH-PP (monocyclohexy! trisodium 
diphosphate), simple pyrophosphate based on 
cyclohexane, was ineffective (Fig, 4E), Under 
the conditions used to examine 5-IPy's effect 
‘on exocytosis, the net effect of IP, appeared to 
promote endocytosis not exocytosis (fig. $4), 
because the effect of IP, on exocytosis could 
‘only be discemed under conditions in which 
endocytosis was inhibited (/5), This was not 
the case for $-IP;. Furthermore, the effect of 
IP, on exocytosis, when endocytosis was in- 
hibited, did not selectively promote secretion 
from the RRP (fig. $4), Our experiments do 
not preclude a role for a more phosphorylated 
pyrophosphate. 

To test whether endogenous IP; contributed 
to the exocytotic capacity in a physiologically 
relevant manner, we first examined the mRNA 
‘encoding IP6KS from i cells or islet lysates by 
quantitative polymerase chain reaction (PCR). 
Message encoding IP6K1 and IP6K2 but not 
IP6K3 was detected (Fig. 4A). We then de- 
‘creased expression of 1P6K and IP6K2 in cells 
‘with small interfering RNA (siRNA). Mouse- 
specific siRNAs were sereened by using the 
‘mouse f cell line MIN6m9 and TaqMan real- 
time PCR gene expression assays (fig, $5). Eli- 
‘mination of either IP6K1 or IP6K2 reduced 
cellular IP; levels (fig. $6) In order to be able to 
select primary f cells transfected with siRNA 
for further electrophysiological studies, suitable 
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SIRNA candidates were fluorescently tagged at 
the 5° end of sense and antisense strands and 
transfected. Cell-capacitance measurements on 
mouse B cells transfected with fluorescently 
lugged SIRNA were recorded by using the 
perforated patch-clamp technique. Inhibition of 
IP6K1, but not of 1P6K2, reduced the exocytotic 
‘capacity (Fig. 4D), and the effect of silencing was 
again most pronounced on the first pulse, 
reflecting depletion of the RRP of granules (Fig. 
4, Band). Furthermore, addition of $-IP; in the 
presence of siRNA to IP6KI restored a normal 
exocytotic response (Fig. 4E). Thus, endogenous 
IP, generated by IP6K1, but not IP6K2, appears 
to account for the enhanced exocytotic capacity 
in B cells. The discrepancy between our exoge- 
‘nous Versus endogenous systems may reflect a 
differential distribution oF cellular associations of 
the two kinases in vivo, IP6KI associates with 
proteins involved in exocytosis but [P6K2 does 
not (22), Studies on IP6K2 have also revealed a 
discrepancy between overexpression studies and 
gone silencing (23). 

IP6K| siRNA did not alter number of L-type 
Ca®* channels per patch or channel open prob- 
ability, mean closed time, or mean open time (fig. 
87), Hence, in contrast to IPs, IP) appears not to 
affect L-type Ca** channel activity (/3). 

We find that the pancreatic) cell maintains 
high concentrations of 1, This apparently func- 
tions in the insulin secretory process by regulat- 
ing the RRP of insulin-<containing granules, 


thereby maintaining the immediate exocytotic 
capacity of the B cell. It is noteworthy that a 
putative disruption of the IP6K 1 gene in a family 
with type 2 diabetes (24) and reduced plasma 
insulin levels in mice in which the IP6K1 gene 
has been deleted (25). This may be of interest in 
the context of understanding the molecular 
mechanisms underlying the development of 
diabetes. 
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Transposase-Derived Transcription 
Factors Regulate Light Signaling 


in Arabidopsis 


Rongcheng Lin,’ Lei Ding,* Claudio Casola,? Daniel R. Ripoll,” 


Cédric Feschotte,? Haiyang Wang** 


Plants use light to optimize growth and development. The photoreceptor phytochrome A (phyA) 
mediates various far-red light-induced responses. We show that Arabidopsis FHY3 and FARZ, 
which encode two proteins related to Mutator-tike transposases, act together to modulate phyA 
signaling by directly activating the transcription of FHY1 and FHL, whose products are essential for 
light-induced phyA nuclear accumulation and subsequent light responses. FHY3 and FAR have 
separable DNA binding and transcriptional activation domains that are highly conserved in 
‘Mutator-like transposases. Further, expression of FHY3 and FARI is negatively regulated by 
phyA signaling. We propose that FHY3 and FAR represent transcription factors that have 

been co-opted from an ancient Mutator-like transposase(s) to modulate phyA-signaling 


homeostasis in higher plants. 


ants constantly monitor their light envi- 
ronment in order to grow and develop 
‘optimally, using a battery of photorecep- 
tors, Phytochromes are « family of photorecep- 
tors that monitors the incident red [(R), 600 to 
700 nim} andl far-red [(FR), 700 to 750 nm] light 
‘wavelengths by switching reversibly between the 
R light-absorbing, biologically inactive Pr form 
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and the FR light-absorbing, biologically active 
Pfr form (/, 2). Upon photoactivation, phyA, the 
primary photoreceptor for FR light, is trans- 
located from the cytoplasm into the nucleus to 
induce FR light-responsive gene expression that 
is required for various photoresponses, such as 
seed germination, seedling de-tiolation, FR 
light- preconditioned blocking of greening, and 


flowering (3). Genetic studies have identified wo 
pairs of homologous genes essential for phyA 
signaling: (i) FAR? (far-red-impaired response 1) 
and FHY3 (far-ed-elongated hypocotyl 3) and 
(ii) FH1Y1 (far-ed-elongated hypocoty! 1) and 
FHL (FHY | like) (4-7). FHY1 and FHL have 
‘been implicated in mediating the light-dependent 
‘nuclear accumulation of phyA (8, 9). However, 
‘the biochemical function of FHY3 and FARL 
remains to be elucidated, 

FHY3 and FARI share extensive sequence 
homology with MURA, the transposase encoded. 
by the maize Mutator element, and with the 
predicted transposase of the maize mobile 
‘clement Jittery (/0, 11), Both of these trans- 
pposons are members of the superfamily of 
Mutator-like elements (MULEs) (/2), Database 
‘mining and phylogenetic analysis revealed that 
FHY3/FAR I-like sequences are present in 
various angiosperms and fall into several phylo- 
‘genetic clusters intermingled with MULE trans- 
Posases (/3) (table $1 and fig. SI). These 
proteins share an N-terminal C2H2-type zinc- 
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chelating motif of the WRKY-GCMI family, « 
central putative core transposase domain, and a 
Crerminal SWIM motif (/4, 15), with highly 


conserved predicted secondary and tertiary 
structures (figs, S2 and $3). To investigate the 
molecular function of FHY3 and FARI, we 


Fig. 1. FHY3 and FAR1 directly up-regulate FYI and FHL expression. (A) Both FHI and FHL are up- 
regulated by DEX or DEX plus CHX treatment in the FHY3p:FHY3-GRfhy3-4 transgenic plants. 
Seedlings were grown in darkness for 4 days and were then kept in darkness or transferred to FR tight, 
{or 8 hours (h) before analysis. Expression of a Ubiquitin gene was shown as a control. No-O, wild-type 
'No-0 ecotype. (B) Reduced expression of FHYZ in the fhy3-4, farl-2, and fhy3 for double mutants, as 
compared with that in the wild-type No-O plants. Error bars represent SDs of triplicate experiments. () 
Diagram of the promoter fragments of FHYI and FHL. The locations of PCR primers used for the 
enrichment test are indicated (arrows). "1" indicates the putative transcription initiation site. (D) 
Enrichment of the “a” fragments of the FHYI and FHL promoters from the anti-GUS ChIP samples. Pre, 
preimmune. 


“ANOROTTAGACTETTT TCA COCSCEAAATEAAACACCAT-3° 
* = ANCACTTAGACTCT gagCACOCOCCAARTCARACNCCAT 

“ACACOTAGACTCTTI TE: LGOGOCAARTCAAACACCAT-2* 
_ANEACSTAGACTCTTTTCACOCOCE QgATCAAACACCAT- 3" 
ACIOTCT TTT TCTFTAGTTCACOCICCOTTUCACOTUGG-3° 
“ACTOTCTFITTCTFTNGTICAL Lb CCOTTOCACGTOCG-2 


www.sciencemag.org 


REPORTS [ 


‘generated transgenic plants expressing FHY3 
and FARI proteins fused with a glucocortico) 
receptor (GR) to control their nuclear localization 
(16). Both the FHY3p::FHY3-GR and FARIp:: 
FARI-GR transgenes con ferred a dexamethasone 
(DEX)-dependent rescue of the respective mu- 
tant phenotype (fig. $4), indicating that FHY3 
sand FARI actin the nucleus. 

Previous studies suggested that FHY3 is 
required for maintaining proper expression levels 
of FY] and FHL in alightindependent manner 
(7, 10), Semiquantitative reverse transcription 
polymerase chain reaction (RT-PCR) analysis 
showed that DEX or DEX plus cycloheximide 
[(CHX), a protein synthesis inhibitor (17) (fig. 
'$5)] treatment, but not mock treatment, restored 
the expression levels of FYI and FHL in both 
ddark-grown and FR light-grown FHY3p.:FHY3- 
GRifly3-4 transgenic seedlings (Fig. 1A), This 
‘observation suggests that FHY3 activates FHY1 
and FHL expression. In addition, quantitative 
RT-PCR showed that F7¥7 expression was also 
reduced in the far/-2 mutant and was. much 
further reduced in the fly'3 far double mutant, 
as compared with that in the wild-type seed- 
lings (Fig. 1B). This result suggests that FHY3 
and FARI act together to up-regulate FHY/ 
expression. 

We next performed a chromatin immuno 
precipitation (ChIP) assay 10 test for a direct 
interaction of FHY3 with the FYI and FHL 
‘promoters in vivo, using the 33S::GUS-FHY3/ 
fly3-4 transgenic plants (5). Multiplex PCR 
revealed enrichment for the “a” fragments (365 
and 353 base pairs (bp), respectively] of the 
PHY! ated FHL promoters in the anti-GUS ChIP 
‘samples, as compared with that in the ChIP 
‘samples prepared with preimmune antisera and 
the Actin gene control (Fig. 1, C and D), This 


Fig. 2. FHY3 and FAR1 directly bind to the FBS 
‘motif present in the FHY and FHL promoters via 
the N-terminal zinc finger motif, (A) GAD-FHY3 and 
GAD-FARL, but not GAD itself, strongly activate 
‘expression of the LacZ reporter genes driven by the 
FAY and FHL promoters in yeast. (B) GAD-FHY3 
and GAD-FAR2 activate the LacZ reporter genes 
driven by the wild-type 39-bp subfragments of 
FHYL and FHL promoters (wt:LacZ) in yeast. 
Mutations in the FBS motit (m2, m3, and m5) 
abolish activation of the LacZ reporter gene 
expression. (C) Diagram of the wild-type and 
‘mutant FHYI and FHL subfragments used to drive 
the LocZ reporter gene expression and as probes in 
EMSA. The wild-type FBS motif is shown in red. 
‘Nucleotide substitutions in the mutant fragments 
are underlined. (D and E) EMSA assay showing that 
GST-FHY3N protein, but not GST by itself, specifi- 
cally binds to the FHYI and FHL wild-type probes 
(0) but not to the m2, m3, and m5 mutant probes 
(©. Arrows indicate the up-shifted bands. The 
triangle indicates the supershifted DNA-protein- 
antibody complex when incubated with antibodies 
to GST. Asterisks indicate nonspecific binding, FP, 
free probe. 
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result indicates that FHY3 directly occupies the 
FHYI and FHL promoters in vivo. Moreover, 
constitutive overexpression of FAY suppressed 
the phenotypes of the fiy3-4, farl-2, and fhy3 
far! double mutants (fig. $6). Further, in 
response to FR light treatment, the nuclear 
‘accumulation of phyA- green fluorescent protein 
(phyA-GEP) is modesty reduced in the fhy3-4 
‘mutant (reduced to about 60% of the wild-type 
levels) but is essentially abolished in the fly 
far! double mutant (fig. $7). Together, these 
findings suggest that FHY3 and FARI act 
together to regulate phyA nuclear accumulation 
through direct activation of FAY and FHL 
expression. 

We next used a yeast one-hybrid assay 10 
delineate the DNA. sequences to which FHY3 
tnd FARI bind. GALA transcriptional activation 
domain-FHY3 (GAD-FHY3) or GAD-FARI 
fusion proteins, but not GAD alone, activated 
the LacZ reporter genes driven by the FY and 
FHL promoters (Fig. 2A), Deletion analysis 
narrowed down the FHY3/FARI binding site to 
14 39-bp promoter subfragment located on the “a 
fragment for both FY! and FHL (Fig. 2B). 
Notably, these subfagments share stretch of 
consensus sequence: S“TTCACGCGCC-3 (Fig. 
2C), Mutating the core sequence "“CACG 
of this moti (m2 and m3 for FZAYT and mS for 
FHL) abolished the reporter gene activation by 
both GAD-FHYS and GAD-FARI. Mutating the 
Manking sequences (mi and m4) did not 
obviously affect the reporter gene activation by 
GAD-FARI. but clearly reduced activation by 
GAD-FHY3 (Fig. 2B), Thus, “CACGCGC” 
likely defines a cis-element that confers specific 
binding for FHY3 and FARI andl is named FBS 
for FHY3/FARI binding site. 

Domain deletion analysis revealed that the 
Neterminal fragments of FHY3 and FAR are 
necessary and sufficient for activating the LacZ: 
reporter genes driven by the FHY! and FHL 
promoters (fig, $8). Consistent with this finding, 
electrophoretic mobility shift assay (EMSA) 
showed that recombinant GST-FHY3N fusion 
protein (glutathione S-transferase fused with the 
first 200 amino acids of FHYS, including the zine 
finger motif) caused an up-shift of the radio- 
labeled wikltype FHY and FHL probes (Fig. 
2D) but notofthe m2, m3, and m5 mutant probes 
(Fig. 2E), Moreover, the addition of antibodies to 
GST caused a supershift of the wildtype probes 
(Fig, 2D). Further, preincubation of the GST- 
FHY3N fusion proteins with two metal chelators, 
1,10-0-phenanthroline or EDTA, effectively re- 
duced DNA binding activity (fig. $9). Thus, we 
‘conclude that FHY3 binds directly to the FBS 
motif by the N-terminal zine finger motif. 
Genome-wide analysis by means of the PatMatch 
program (/3) against an Arabidopsis promoter 
database (hitp:/stan.cropsci.uiue.edu/sifVindex. 
php) revealed tha fs FAS tat also present 
in the promoters of hundreds of other genes, 
including the R- light photoreceptor PHYTO- 
CHROME 8 (PHYB), CIRCADIAN CLOCK: 
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ASSOCIATED 1 (CCA1), and EARLY 
FLOWERING 4 (ELF4) Yeast one-hybrid assay 
showed that GAD-FHY3 and GAD-FARI are 
capable of activating the LacZ reporter genes 
driven by PHYB, ELF4, and CCAI promoter 
fragments containing the wild-type FBS motif 
but not a mutated FBS motif (fig. S10). This 


‘observation is consistent with @ reported role of 
FHY3 in gating R light signaling t the circadian 
clock (/9). 

To test whether FHY3 has an intrinsic 
transcriptional regulatory activity, we fused a 
full-length FHY3 with the LexA DNA binding 
domsin, The LexA-FHY3 fusion protein, but not 


Fig. 3. FHY3 has an intrinsic transcrip- 
tional activation activity. (A) LexA-FHY3, 
LexA-D283N-VP16, and LevAG30SRVPI6 
fusion proteins activate the Levagp:lacz 
Teporter gene expression in yeast, whereas 
LexA by itself, LexA-D283N, and LexA- 
G30SR fal to activate the reporter gene 
expression. (B) Wild-type FHY3, but 
not D283N and G305R, activates the 
Fd¥p:Luc reporter gene expression in 

protoplasts. Error bars rep- 


Arabidopsis 
resent SOs of triplicate experiments. LUC, luciferase. (C) Images of 4-day-old FR light-grown seedlings of 
‘multiple independent tines, showing that the FHY3p::0283N-VPI6 and FHY3p1:G305R-VPI6 fusion genes 
confer complete or partial rescue of the fhy3-4 mutant phenotype. Scale bar, 2 mm. 
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Fig. 4. Down-regulation of FHY3, FARZ, FHYZ, and FHL by phyA signaling. (A and B) The transcript 
levels of FHY3 and FARZ (A) and FHY1 and FHL (B) are down-regulated by FR light. (C and D) The 
transcript levels of FHY3 (C) and FART (0) remain relatively stable in the phyA-217 mutant, as 


compared with levels in the Columbia wild-type (Col) background. The expression level 
grown wild-type plants were set as 1. Error bars in (A) 


experiments. 
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LexA alone, activated a LacZ reporter gene 
driven by the Lexa operator (Fig. 3A). Two 
amino acid-substiuted FHY3 proteins come- 

pe to the fhy3-9 ape (G305R) 
10 Asp Asn" (D283N) mutant 
aie (3) failed to aa ie Lack reporter 
gene (Fig. 3A), despite comparable levels of 
expression for the wild-type and mutant FHY3 
fusion proteins. In addition, wikk-type FHY3 
protein, but not the G30SR- or D283N mutant 
proteins, activated a luciferase reporter gene 
driven by the FHY! promoter in. Arabidopsis 
protoplasts (Fig. 3B), Further, fusion with the 
\VPI6 activation domain of herpes simplex virus 
restored the transcriptional activation activity of 
G3OSR. and D283N (Fig. 3A), and the fusion 
proteins conferred a complete or partial rescue of 
the iv3-4 mutant phenotype (Fig. 3C). These 
results suggest that the intrinsic transcriptional 
activation activity of FHY3 is essential for its 
biological function, Domain deletion analysis 
revealed that the C-terminal region of FHY3 and 
FARI that lacks the N-terminal zine finger motif 
is necessary and fully capable of activating the 
reporter gene expression in yeast, whereas their 
Netemninal DNA binding domains are unable to 
activate the reporter gene (fig. S11), These 
observations suggest that FHY3 and FARI have 
separable DNA binding and transcriptional ac~ 
tivation domains, 

Finally, we examined how FR light regulates 
the expression of FHY3 and FARY using quan- 
titative RT-PCR, In a wild-type background, the 
transcript levels of FHY3 declined rapidly after 
exposure to FR light. Expression of FAR was 
also down-regulated by FR light, although with 
slower kinetics and to a lesser degree (Fig. 4A). 
Expression of F/Y/ and FHL displayed a pattem 
similar to that of FHY3 (Fig. 4B), which is 
consistent wit their being the direct target genes 
of FHY3 and FART. In contrast, expression of 
FHY3 and FART remained high in the plod-2/1 
‘mutant under FR light (Fig. 4, C and D). These 
results indicate that expression of FHY3 andl 
FAR] is subject to a negative feedback regulation 
by phyA signaling and suggest that FHY3 and 
FARI act ata focal point ofa feedback loop that 
maintains the homeostasis of phyA. signaling 
(ig. S12) 

‘Our phylogenetic and functional analyses 
support a scenario whereby one or several related 
MULE transposases gave rise to the FHY3/ 
FARI-related. genes during the evolution of 
angiosperm through a process termed “molecu- 
lar domestication” (20), with concomitant loss 
‘of the ability to transpose (2/) (fig. $13). Similar 
to this, DAYSLEEPER, an Arabidopsis hAT-ike 
transposase, has been shown to act as a DNA 
binding protein and is essential for plant devel- 
‘opment (22). However, itis not known whether 
this protein can directly regulate gene expression. 
Our results demonstrate that a transposase- 
derived protein can bind to a promoter region 
and directly stimulate the transcription of that 
gene, Innovation of phyA, which occurred before 
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the origin of angiosperms, hasbeen hypothesized 
to contr an adaptive advantage to the successfil 
‘colonization of the first angiosperms on Earth 
(23), The domestication of FHY3 and FART 
from an ancient transposase(s) might mark an 
event in the evolution of angiosperms serving 10 
‘meet the challenges of changing light environ- 
‘ments. Our results also provide functional evi- 
dence to support the proposition that transposable 
elements, which are prevalent throughout the 
genomes of many plants and animals, can serve 
‘8 asource of new transcription factors that allow 
populations to adapt and species to evolve (24). 
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Social Comparison 


Affects 


Reward-Related Brain Activity in the 
Human Ventral Striatum 


K. Fliessbach,” B. Weber,’ P. Trautner,” T. Dohmen,” U. Sunde,” C. E. Elger,” A. Falk** 


Whether social comparison affects individual well-being is of central importance for 
‘understanding behavior in any social environment. Traditional economic theories focus on the 
role of absolute rewards, whereas behavioral evidence suggests that social comparisons 
influence well-being and decisions. We investigated the impact of social comparisons on 
reward-related brain activity using functional magnetic resonance imaging (fMRI). While being 
scanned in two adjacent MRI scanners, pairs of subjects had to simultaneously perform a simple 
estimation task that entailed monetary rewards for correct answers. We show that a variation 

in the comparison subject's payment affects blood oxygenation level-dependent responses in the 
ventral striatum. Our results provide neurophysiological evidence for the importance of social 
comparison on reward processing in the human brain. 


the absolute consumption level, or al- 
tematively the absolute level of income, 
is the most important determinant of 
individual well-being in traditional econom- 
ic models of decision-making. These models 


typically assume that social comparisons, and 
therefore relative income, play no role. Thi 
view has long been challenged by social psy- 
cchologists and anthropologists, who have ar- 
gued that comparison with other individuals 
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isa central phenomenon within human societies 
(1, 2), The question of whether social compar 
ison affects individuals’ subjective well-being, 
and thus behavior, is of fundamental impor- 
far-reaching implications for the 
positive and normative predictions of economic 
theories. Examples include pattems of consunp- 
tion and savings, the design of optimal taxa- 
tion and redistribution schemes, labor supply, 
and the optimal provision of incentives in firms 
(3-6). Social comparison is also a premise of 
‘any model of social preferences, because these 
theories model faimess judgments and resulting 
reciprocal responses based on an individual's 
‘outcomes relative to the outcomes of relevant 
others (7, 8). 

Despite the importance of distinguishing 
the roles of absolute and relative income lev 
els for subjective well-being, and thus for 
human decision-making, the underlying neu- 
robiological basis of social comparison is not 
well understood, One of the reasons is that 
the role of relative comparison for subjec~ 
tive well-being has mainly been investigated 
using predicted comparison income from self- 
reported survey data or actual outcomes of 
priori defined reference groups (9). Several 
methodological problems plague research in 
this area, including the measurement of rel- 
evant incomes and reference groups, the mea- 
surement of subjective well-being, and the 
potential endogeneity of income (0, 1/). 
Combining functional magnetic resonance im 
aging (MRI) and behavioral experiments 
allows us to circumvent most of these empir- 
ical problems by measuring neurophysiological 
responses (0 absolute and relative incomes in 
the human brain. Brain regions that are 
engaged in the prediction and registration of 
rewards include midbrain-striatal and midbrain 
prefrontal dopaminergic projections (72). Ac- 
tivity in these brain regions is influenced both 
by primary rewards such as food delivery (13) 
and by more abstract forms of rewards such as 
monetary incentives (/4, 15). We tested the 
hypothesis that activity in these brain areas 
increases with higher relative payments. This 
hypothesis is in contrast to the traditional 
economic paradigm, which predicts differential 
activation only in response to changes in one’s 
‘own rewards but not to changes in others’ re~ 
wards, In the experiment, two subjects simulta- 
neously and repeatedly performed a simple work 
task in two adjacent MRI scanners (Fig. 1). 
Nineteen subject pairs were included, and 
data from 33 subjects could be analyzed (16). 
‘The task involved estimating the number of 
dots on a screen. At the end of each of 300 
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trials, both subjects received a feedback. This 
feedback provided information about both 
subjects’ performance (whether the estimates 
‘were comect or incorrect), as well as about both 
subjects’ payments in a given tial, Payment 
conditions are illustrated in Table 1. Conditions 
Cl to CS applied when the estimate of at least 
‘one subject was incomect. These conditions 
were used to identify reward-sensitive brain 
regions independently of the 
interest, C6 to C11. The latter appli 
subjects solved the task correctly. For these 
trials, rewards were chosen from a 2 by 3 
factorial design in which we varied the 
absolute level of payment (high versus low) 
(factor 1) and the relation of a subject's 
payment to that of the other subject (1:2, 1:1, 
cr 2:1) (factor 2), Our set-up allows us to study 
the impact of relative payments on reward 


Fig. 1. Singetial setings [> >) 


processing in a clean and controlled way: In 
each trial the task was exactly the same for 
both subjects, and the subjects knew that. 
Moreover, because both subjects were scanned, 
they were performing under the same circum- 
stances. Thus, the experimental environment 
provides no basis or justification for differential 
Payment and is therefore well suited to study 
the consequences of relative income differ- 
‘ences for the same performance under identical 
conditions, 

Subjects solved the estimation task correct- 
ly in 81 percent of the trials (SD 0.07), 
‘matching almost exactly the intended proba- 
bility of correct task performance of 0.8, 
Conditions Cl to CS of our design allow for 
1 functional definition of rewand-related struc- 
tures in our group of subjects independent 
of @ priori information, For this purpose, 


‘Subjects saw a number of blue. 2 

ots for 1500 ms (screen 1. Dente 
Immediately afterward, a 

number was presented and Probe (max. 1.58) 


subjects had to decide by 
button press whether the 
‘number of dots on the first 
screen had been lower or 
higher within a time limit of 
1500 ms (screen 2). After a 
response feedback (250 ms, 
screen 3) and a short delay 
(blank screen 4), a feed- 
‘back screen informed subjects 
about their and the other 
subject’s performance (cor- 


Response Feedback 
(250m8) 

Delay (02-1,78) 

Ne: » 80 | Reward Feedback 
You: / 1206 | (48) 


‘ect or incorrect), together with the respective monetary rewards (screen 5), 


Table 1. Payolf conditions. Subjects received a payment only if they solved the estimation task 
correctly. When both subjects’ estimates were incorrect, both received nothing (experimental 
condition C1). When only one of the subjects solved the estimation task correctly, he received either 
about 30 € (low level) or about 60 € (high level) while the other received no payment (see 
conditions C2 to C5), The conditions of interest (bold) were those in which both subjects solved the 
estimation task correctly and received payments according to one of the six conditions C6 to C11. 
‘These conditions were randomly drawn, and thus occurred with approximately equal frequency. 
Note that frequencies in conditions C2,3 and C4,5 are not identical because five subjects were 
dropped from the analysis. 
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conditions in which a subject solved the task 
comectly and received a payment while the 
other subject did not (C2 and C3) were con- 
trasted with conditions in which a subject re- 
ceived no payment (Cl, C4, and C5). This 
contrast yielded significant activation in three 
bilateral and three medial regions, which 
defined our regions of interest: left and right 
occipital comtex, left and right angular gyrus, 
left and right ventral striatum, precuneus, and 
medial orbitofrontal cortex (two distinct acti- 
vations) (Fig. 2), thus including the regions 


Fig. 2. Glassbrain projec- z 
tion of brain regions showing y: 
stronger BOLD responses in 

Conditions in which a subject 

received a reward while the 

other did not (C2 and C3) 
compared with conditions in 

which a subject did not re- 

ceive a reward at all (C1, C4, \ 
and 65). 


o 


known to be critically involved in the processing 
of reward (12). The opposite contrast (C145 

2,3) yielded right and left insular activation, 
but only when using a less strict threshold 
(16). Time-course analyses of the blood oxy- 
gen level-dlependent (BOLD) response showed 
a strong positive response to the onset of the 
task (fig. SI). This is consistent with temporal 
difference models of ventral striatal function, 
riven that the task served as a cue for a possible 
‘upcoming reward, thus inducing reward expec- 
tation (17). To appropriately model the response 
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to the reward feedback, we therefore controlled 
for task-related activity by including task-onset 
times as an additional regressor in our analysis. 
The resulting time courses for the reward 
feedback are shown in Fig, 3C. There is a pos- 
itive hemodynamic response in conditions C2 
and C3 (subject receives payment, the other 
does not) and a decrease of the BOLD signal for 
conditions C1, C4, and C5 (subject receives no 
[payment Intermediate response levels were ob- 
served in the conditions of interest in which 
both subjects received money (C6 to Cl), In 
these conditions, the BOLD signal was strongest 
when a subject received more than the other 
subject 2:1), followed by equal payments (1:1) 
and trials in which a subject received less than 
the other subject (1:2) 

{In the following, we exclusively analyze the 
conditions of interest, that is, conditions C6 to 
CHI. For these conditions, we extracted mean 
parameter estimates for the above-mentioned 
regions of interest, They were subjected 10 a 
2 by 3 repeated-measurements analysis of 
variance (ANOVA) with different absolute pay- 
ment levels (low or high) and relative pay- 
ments (1:2, 1:1, oF 2:1) as factors. In case of 
bilateral activations, we included the side of 
the brain as a cofactor. In the ventral striatum, 
the BOLD response strongly depended on 
relative payment. The main effect for this 
factor is: F2,31 ~ 8.0, P < 0.001. According to 
‘our hypothesis, the parameter estimates 
increased with the ratio between a subject's 
rewand and the other subject’s reward: They 
were lowest for the conditions in which less 


Fig. 3. (A) T-Map 
projected on a single: 
subject template for the 
contrast between C2, 
G > C1, G4 CS with 
focus on the activation 
maximum in the left v= 
tral striatum (TAL: X, ~12; 
Y, 8; Z, 8). (B) Param- 
er estimates for supra- 
threshold voxels from this 
contrast show a depen- 
dency of the activation 
‘on the relative reward 
level. (C) Event-related 
signal changes after the 
reward feedback collapsed 
‘over trials in which a 
subject received a reward 
while the other did. not 
(SEM) (C2, G3, black 
line), tials where a sub- 
ject received no reward 
(C1, C4, G5, back dashed 
line), and diferent rela- 
tive reward levels (1: 
‘ue tine; 1:2, red bine; 
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money was earned, followed by the conditions 
with equal payment, and were highest in the 
conditions in which a subject earned more 
money (Fig. 3B) (See table S2 for means and 
standard errors). All other main effects and 
interactions of the ANOVA analysis tum out to 
be insignificant. This holds for the main effect 
Of high versus low payment condition as well 
4s its interaction with relative payment. The 
latter result suggests that the importance of 
relative comparison is independent of the level 
‘of payment, In addition, there was no signifi- 
‘cant impact of the side of the activation or the 
seanner type. All posterior regions (oecipital 
Jobe, angular gyrus, and precuncus/eingulate 
cortex) showed a different pattern, with 
response intensity significantly varying with 
both absolute and relative payment. In these 
rogions, responses were highest for the high- 
payment condition in the 1:2 and the 2:1 
conditions, that is, in situations when high 
amounts of money were unequally paid regard 
less of which of the subjects received more. 
similar pattem was found in the two orbito- 
frontal regions, The posterior of the two 
orbitofrontal regions additionally showed a 
significant interaction between absolute and 
relative payment (table $3 and fig. S2). In the 
insular regions identified by the contrast C1,4,5 > 
€2,3, activation intensity did not depend on 
relative or absolute rewards level or an 
interaction between the two factors (all P > 
(0.5). To test whether, in addition to the regions 
of interest, other regions were affected by 
relative comparison, the sime ANOVA as 
described above was run ina whole-brain 
analysis. The strongest main effect of relative 
reward level was found in the left and right 
ventral striatum, The left activation cluster 
extended into the left amygdala and putamen 
(ig. $3). In addition, significant activations 
were found in several bilateral parietal and 
‘occipital regions and in the right middle lateral 
prefrontal cortex. (Brodmann areas 8 and 9) 
(able $4), In contrast to the striatal activations, 
none of these regions showed a systematic 
increase of activation with increasing relative 
income. 

Right afler the experiment, subjects com- 
pleted a short questionnaire, which contained 
questions about willingness to reciprocate kind 
or unkind actions as well as personality mea- 
sures (/6), Reciprocity is a particularly impor- 
tant type of social preference and is based on the 
comparison of outcomes relative to those of 
relevant others (8). In this sense, social compar- 
ison is a prerequisite of reciprocal behavior, and 
we would expect that the more a person is 
concemed with relative outcomes the more he 
should be willing to reciprocate. To explore this, 
we regressed the variability of ventral striatal 
responses (0 relative reward differences on the 
willingness to reciprocate, controlling for per- 
sonality traits (ible $5), This variability tumed 
‘out to be stronger for subjects who report 
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stronger overall reciprocal inclinations (1 = 
2.10, P = 0,048). 

This study shows a relationship between 
relative income and hemodynamic responses in 
the ventral striatum. Receiving less than 
another subject was associated with a reduced 
BOLD signal in this area. Relative reward 
processing has previously been demonstrated 
in the striatum (/8) and orbitofrontal cortex 
(19) of primates, where neuronal responses to 
4 given rewand depend on altemative reward 
‘outcomes. Similarly, context dependency of 
ventral striatal responses in humans has been 
demonstrated with {MRI Responses to the 
same rewards differ depending on the sequence 
of previous rewands and losses (20, 2/) and on 
the set of possible outcomes from which the 
actual reward is chosen (/4, 22). Our study 
introduces two critical new aspects of relative 
reward processing in the ventral striatum. First, 
it shows that social context is an important 
factor for reward processing. Second, in 
contrast o previous studies, the differences in 
reward activation cannot be explained by a 
mismatch between expected and received 
reward, 

Whereas in previous studies reward expec- 
tation has been manipulated, in our study reward 
expectation in the conditions of interest should 
be the same. The differential activation in re- 
sponse to these conditions shows an immediate 
impact of contextual social information on ven 
tral striatal responses. Although null results in 
EMI studies must be interpreted with caution, 
the fact that no other brain area showed similar 
response pattern suggests that this impact is not 
mediated by brain areas known to be involved 
in social cognition, 

The temporal difference mode! of ventral 
striatal function assumes that this brain region 
is involved in the comparison of predicted and 
actually received rewards (i.c., reward predic~ 
tion error) (23). In our study, we find a strong 
positive response t the onset of the task. We 
assume that the task serves as a cue for a 
possible upcoming reward and thus induces 
reward expectation. Consistent with the tem- 
poral difference model, we observed a de- 
crease in the BOLD signal ifa subject did not 
receive a payment and thus reward expec- 
tations were not met. Likewise, the BOLD 
signal increased when a subject was the only 
‘ne to receive a payment. We hypothesize that 
outperforming someone else or the “joy of 
winning” contributes to this response in ad- 
dition to the monetary reward. For the con- 
ditions of interest in which both subjects are 
correct, the response increases with increasing 
relative reward. These trials are not confounded 
with the aspect of winning and losing, because 
both subjects have solved the same task 
comrectly. 

By showing that social comparisons affect 
activation levels in the ventral striatum, our 
findings complement recent work on other- 


regarding preferences such as reciprocity or 
‘empathy (24). It has been shown, for example, 
that reciprocal action in the form of punish- 
ing norm violations is associated with ven- 
tral striatal activation (25). Similarly, a recent 
hhyperscanning fMRI experiment revealed spe- 
cific brain activations for benevolent versus 
malevolent decisions in the dorsal striatum, 
highlighting the role of this part of the basal 
‘ganglia for reciprocal interactions (26), Subjects 
in these studies made decisions that revealed 
their preferences. In our study, in contrast, we 
show that social comparison affects. ventral 
striatal activity even if subjects are not actively 
‘engaged in decision-making. In this sense, our 
study shows that mere contextual information 
about another person has an immediate impact 
‘on motivation-related brain processes, 
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Hold Your Horses: Impulsivity, 
Deep Brain Stimulation, and 
Medication in Parkinsonism 


Michael J. Frank,’* Johan Samanta,”* Ahmed A. Moustafa,” Scott J. Sherman® 


Deep brain stimulation (085) of the subthalamic nucleus markedly improves the motor symptoms 
of Parkinson's disease, but causes cognitive side effects such as impulsivity. We showed that 

BS selectively interferes with the normal ability to stow down when faced with decision conflict. 
While on DBS, patients actually sped up their decisions under high-contflict conditions. This form of 
impulsivity was not affected by dopaminergic medication status. Instead, medication impaired 


patients’ ability to learn from negative decision outcomes. These findings implicate i 


fependent 


mechanisms leading to impulsivity in treated Parkinson's patients and were predicted by a single 


eurocomputational model of the basal ganglia. 


eat chocolate fondue oF tiramisu, go ski- 

ing, or visit world-class museums? Such 
winwin decisions are notoriously difficult to 
make, often leading to seemingly countespro- 
ductive deliberation and hesitation. Intuitively, 
cither option should produce satisfictory results, 
so why wait? Mathematical models of decision- 
making suggest that individuals only execute a 
choice once the “evidence” in its favor crosses a 
critical decision threshold (/, 2). But the notion 
of decision threshold need not imply some fixed 
value, Indeed, individuals can optimally adjust 
decision thresholds to meet current task demands 
(3-5). At the neurobiological level, one model 
Posits that the subthalamic nucleus (STN) dy- 
namically modulates decision thresholds in pro- 
portion (o reinforcement and decision conflict 
(6). In essence, this model predicts that when 
faced with multiple seemingly good options, the 
STN enables you to adaptively “hold your 
horses," buying more time 10 settle on the best 
‘ane. Supporting this account, STN dysfunction 
in rats causes premature responding in choice 
paradigms (7, 8). Here we provide direct evi- 
dence in humans and show that STN disruption 
causes impulsive responding during high-conflict 
‘win/win decisions. 

We administered computerized decision 
making tasks 0 two groups of patients with 
Parkinson's disease (PD), and age-matched 
control participants (table S1). One group of 
patients (n = 17) was tested in diferent sessions 
on and off deep brain stimulation (DBS) of the 
STN, an increasingly common surgical proce- 
dure to treat motor symptoms of the disease (9) 
[See (10) for DBS surgical procedures, stimula- 
tion parameters (lable $2), and confimmation of 
electrode implants in the STN (fig S1).| DBS 
patients were on relatively low doses of medica- 
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tion in both sessions (9, 10). The second patient 
group (n= 15) was tested on and off dopamin- 
ergic medication, The purpose of the medication 
manipulation was twofold: (i) 10 test whether 
any effects of DBS on conflict-based decisions 
were selective to that treatment; and (ii) to 
replicate findings that dopaminergic medication 
impairs patients’ ability to leam from the nega- 
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tive outcomes of their decisions (J/~13), which 
ccoulk! account for pathological gambling behav- 
ior (14). Thus, we tested two potentially distinct 
‘mechanisms by which Parkinsonian treatments 
can cause impulsive behavior (14, 15). 
Participants were tested with a probabilistic 
selection task (/2, /6), Three different stimulus 
pairs (AB, CD, EF) were presented in random 
‘order, and participants had to choose one of the 
‘two stimuli (Fig, 1A). Feedback followed the 
choice to indicate whether it was comect or 
incorrect, but this feedback was probabilistic. In 
the most reliable AB pair, a choice of stimulus 
‘A led to positive feedback in 80% of trials, 
Whereas a choice of stimulus B led to negative 
feedback in these trials, In a subsequent “test 
‘phase,” participants chose between novel com 
binations of all stimuli, Positive-feedback Jeaming 
was indicated by reliable choice of the most 
positive stimulus A in these novel test pairs, 
whereas negative-feedback leaming was indicated 
by reliable avoidance of stimulus B (12, 16). 
To examine conflict effects, we measured re- 
action times for test pairs having similar re- 
inforcement values (c.g., 80 versus 70%; high 
conflict) compared with low-conflict pairs having 
more easily discriminable vahies (6, 16) (Fig. 1A), 
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Fig. 1. (A) Probabilistic selection task. Each stimulus pair is presented separately in different trials, in 
random order. Correct choices are determined probabilistically (percent positivenegative feedback is 
shown in parentheses for each stimulus). A test phase ensues that presents all novel recombinations to 
assess positivemegative learning biases and conflict (12, 26). (B) PD and medication effects, showing 
selectively impaired avoid-8 performance in medicated patients. Nonmedicated patients performed 
similarly to controls, but were slower to acquire probabilistic contingencies in the learning phase (20). 
(©) DBS effects. DBS patients were more advanced jn their disease progression than the medication 
group (table 51); within-patient treatment effects are therefore more interpretable than between-group 


effects. Error bars are SEs. 
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Itis precisely in these high-conflict choices that 
it may be adaptive to “hold your horses,” in- 
creasing the likelihood of setting on the more 
optimal choice (6). We predicted that compared 
with controls, PD patients (regardless of treatment) 
‘would show reinforcement leaming deficits (//) 
We further predicted that dopaminergic medica~ 
tion would impair negative-feedback learning 
(12, 13), whereas DBS would cause impulsive 
responding in the Face of conflict (6). 

Patients were slower than controls to leam, 
probabilistic reinforcement contingencies (10) 
As shown previously (/2), patients on medica~ 
tion were selectively impaired at leaming from 
negative decision outcomes [Fig. 1B; see (/0) 
for detailed analysis}. Notably, DBS status (on 
versus off) did not affect positive- or negative 
feedback Ieaming (Fig. 1C). Rather, DBS in- 
duced impulsive responding under hi 
conditions. Overall, participants. signifi 
slowed responses for correct high- relative to 
Jow-conflict decisions (F [1,51] = 13.5, P< 0.001; 
Fig. 2, Aand(), This conflic-induced slowing is 
reminiscent of the deferred decisions under 
conflict observed in other contexts, including 
economic decisions (J7). In contrast, patients on 
DBS failed to slow down with increased de- 
cision conflict (group by conflict interaction, 
FIASI] = 49, P = 0,002). The within-subject 
elect of DBS (on versus off) on conictinduced 
slowing was significant (F[1 51] 4.6, P= 0.036) 
Patients on DBS even responded! marginally faster 
under high- than under low-contflict conditions 
(F [1,51] = 3.6, P = 0.06). Finally, dopaminergic 
medication had no effect on conflict-induced 
slowing (F[1,51] = 0.3), and there were no other 
groupyconflict differences. 

In models andl animals with STN dysfunction, 
premature responding is associated with sub- 
‘optimal choices (6-8). Notably, the tendency for 
DBS patients to show speeded high-conflct 
responses. was especially pronounced when 
choosing the les optimal stimulus (“error tials”; 
FULSH] = 16.1, P= 0.0002; Fig. 2, B and D) 
Further, the more DBS patients exhibited high- 
conflict premature responding (as defined by 
faster error than comect choices), the more errors 
they made in high- than in low-conflict con 
ditions [113) = 0.53, P = 0.05; P's> 0.3 for all 
other groups}. Thus, high-conflict premature 
responding led to suboptimal choices under DBS, 

Why should DBS patients respond even faster 
to high than to low-conflict choices? We posited 
that the presence of two positive stimuli in high- 
conflict “win/win” choices could lead to such 
impulsive responding. Indeed, patients on DBS 
responded significantly faster during high-conflict 
win/win conditions (Fig. 3A; F[I.51] = 5.2, P= 
0.027); this faster responding was not observed 
for lose/lose decisions (fig. S2). 

Finally, to control for @ possible confounding 
effect of DBS during the learning phase, we also 
used 9 “retrograde DBS” procedure. All patients 
who had learned the task off DBS were sub- 
sequently tested again in a second test phase, 
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‘identical to the first, after having their stimula- 
tors tumed on (and a 10-min delay). If DBS 
genuinely and primarily interferes with the abil- 
ity to modulate decision times as a function of 
‘conflict, these patients should no longer show a 
conflict-induced slowing effect in the second 
test phase. 

Indeed, the conflict-induced slowing effect 
‘was reversed in the second test phase, with DBS 
patients responding significantly faster to win/win 
decisions (Fig. 3B; FU1,S1] = 4.7, P = 0.03). 
These same patients had exhibited the oppo- 
site pattem—slowing responses for win/win 
conditions—just minutes before in the off-DBS 


state (Fig. 3). A subset of senior controls (1 = 
14) who were also tested in a second test phase, 
with the same temporal delay between phases, 
continued to show conflict-induced slowing 
(FLL SI] = 43, P = 0.04), Furthermore, to pro- 
vide a treatment control, patients who learned 
off medication were also tested in a second test 
phase afler taking their regular dose of levodopa 
medication [but with a longer delay to allow 
medication to be absorbed (/0)]. Critically, there 
‘was a significant treatment by conflict interac- 
tion (F{1,S1] = 6.0, P= 0.017), such that DBS 
reversed conflict-induced slowing but medication 
did not, 
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Taken together, our findings provide evi- 
dence for two distinct computational roles of the 
basal ganglia in decision-making. Dopaminergic 
medication altered patients’ relative tendency to 
learn from positive versus negative outcomes 
(12, 13, 18), without affecting conflict-induced 
slowing. In contrast, DBS induced speeded 
high-conflict choices, without affecting leaming 
biases, Both of these findings are captured by a 
ngle a priori computational model of the basal 
ganglia in learning and decision-making (6). 
As in other models, the basal ganglia in our 
model supports adaptive decision-making by 
‘modulating the selection of frontal cortical action 
plans (5, 6, 17, 19-21). In brief, two main neu- 
ronal populations in the striatum have opposing 
effects on action selection via output projections 
through the globus pallidus, thalamus, and back 
to the cortex (Fig. 4A). Activity in “Go” 
icurons facilitates the execution of a cortical 
response, whereas “NoGo” activity suppresses 
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‘competing responses. Dopamine bursts and dips 
that occur during positive and negative out- 
‘comes (22) drive Go leaming (via DI receptors) 
to seek rewarding actions, and NoGo learning 
D2 receptors) to avoid actions that are 
nonrewarding (11). Complementing this fime- 
tionality, the STN provides a self-adaptive 
dynamic control signal that temporarily prevents 
the execution of any response, depending on 
decision conflict (6). Notably, the STN receives 
direct projections from the presupplementary 
motor area (preSMA) and cingulate cortex re- 
gions that detect and integrate response conflict 
(23-25), In wm, the STN sends a “Global 
NoGo” signal via diffuse excitatory projections 
to basal ganglia output nuclei (/9, 26) with 
consequent inhibition of thalamocortcal activity. 
This STN mechanism provides a means to 
implement cognitive contol, by effectively rising 
decision thresholds in the face of conflict (6). 
‘Supporting this notion, neuroimaging sties have 
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Fig. 4. (A) Neural network model of the basal ganglia (squares represent units, with height and color 
reflecting neural activity). The preSMA selects a response (R1 or R2) via direct projections from the 
sensory input and is modulated by basal ganglia (BG) ovtput via the thalamus. Go and NoGo units are, 
respectively, in the left and right halves of the striatum, with separate columns for each response, and 
receive dopaminergic (DA) learning signals from the sutstantia nigra pars compacta (SN). The STN 
sends a Global NoGo signal by exciting globus pallidus, internal segment (GP Int) in proportion to 
response conflict in preSMA (these projections shown in red). In the case shown, conflict i low because 
only a single response (Ri) is active. (B) Model predictions for reinforcement learning. Plots show 
striatal activation-based receptive fields indicating summed Go-A and NoGo-B associations (20, 12). (Q) 
‘The same model’s predictions for confict.induced slowing. Reaction times are indexed by the number of 
processing cycles before a given response is selected (10). Simulation results reflect mean values across 
25 network runs with random initial synaptic weights. (D) Normalized activity in the model STN and 
thalamus, in a representative high-conflict winlwin trial. The model selects 2 response when thalamus 
activity rises. The model selects a response when thalamus activity rises and subsequently facilitates the 
associated preSMA units. 
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found that preSMA and STN coactvation is as- 
sociated with slowed response times under deci- 
sion conflict (25), and STN-DBS reduces coupling 
between cingulate and basal ganglia output (27). 

This single model captures both medication 
and DBS effects, as revealed in computational 
simulations of these dynamics [Fig. 4, B to D; 
sce (6, 10) for detailed modeling methods). To 
simulate PD, we decreased dopamine levels. To 
simulate medication, we maintained relatively 
elevated dopamine levels but prevented them 
from sufficiently decreasing during ney 
feedback, due to tonic D2 stimulation (17, 12) 
‘The resulting Go/NoGo leaming and medication 
effects replicate those reported with an earlier 
‘basal ganglia model that did not include the STN 
(22) and show that these leaming biases are in- 
sensitive to STN manipulation, Here, we focus on 
DBS simulations in high-conflict decision-making, 

The mechanisms underlying the therapeutic 
effects of DBS are controversial (28), One domi- 
‘nant theory is that high-fiequency DBS paridox- 
ically acs like a lesion fe... via “depolarization 
block” (29), Indeed, like DBS, both real and 
simulated STN lesions ameliorate abnormal 
network oscillations and motor symptoms of 
PD (6, 30), To simulate STN lesions, we simply 
removed STN fiom processing altogether (6). A 
‘second theory is that DBS induces regular high- 
frequency STN firing patterns (3/) and actually 
enhances STN output (28), To. simulate this 
Version, we extemally applied high-frequency 
‘excitatory input to the STN [see (/0) for details} 
We posited that either DBS mechanism woul 
‘prevent the STN from naturally and dynamically 
responding © its cortical inputs and would 
therefore disrupt conflic-induced slowing, 

After training networks with probabilistic re= 
inforcement, we tested them with low- and high+ 
conflict trials, in which two responses. were 
associated with competing reinforcement prob- 
abilities (6, 70). Whereas intact networks showed 
substantial conflictinduced slowing, those with 
cither STN lesions or extemal. stimulation 
exhibited the same speeded win'win responding 
observed in DBS patients (Fig. 4C). This 
“impulsive” speeding resulted from the presence 
‘of two striatal “Go” unit populations (one for 
cach rewarding response), which enhanced the 
probability that one of them surpassed threshold 
(6), Counteracting this factor, in intact networks, 
cortical response conflict led to an initial STN 
‘surge, postponing responding until this STN 
activity subsided (Fig. 4D). In STN-lesioned 
networks, there was no such mechanism to 
allow this slowing to occur, In networks with 
‘extemal stimulation, the idiosyncratic, non-task- 
related STN firing prevented it from responding 
naturally and adaptively to conflict signals. 
Accordingly, the network could select a re- 
sponse earlier in time (Fig. 4D). In sum, our 
‘model captures the main observed effects of 
different PD treatments and in so doing may 
reveal different computational functions of the 
basal ganglia in decision-making, 
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Hybridization Oven 


www.sciencemag.org/products 


‘The Big Shot it! Hybridization Oven is suitable for all types of hybridization and incubation applications, 
‘including northem blots, Southern blots, and microarrays. The Big Shot Il features a proportional integral 
derivative (PID) controller that provides rapid heating and temperature stability from 10°C to 100°C, A 


fully programmable di 


timer and an adjustable safety over-temperature cutout allows unattended 


‘operation for almost 100 hours. The device offers carousel speed control up to 60 rpm in rpm increments, 
In addition to the standard 35-mm bottle carousel supplied with each unit, accessory carousels are avail- 
able or 55-mm and 70-mm bottles for processing larger membranes, for conical and round bottom sam- 
ple tubes, and for standard and deep-well microplates. The Big Shot Illis stackable and comes with a 


reversible door. 


Boekel Scientific For information 800-336-6929, wun. bockescicom 


‘Temperature Control Unit 

‘Available in three models, the Ministatthermoreg- 
lator range is built for the crowded laboratory 
‘workbench oF for use in fume hoods where space is 
ata premium. The instruments offer precise tem- 
perature control from ~40°C to 200°C. All-tain- 
less-steel construction eliminates the need for a 
jasket between the outer case and the bath, 
improving insulation and enhancing long-term 
durability and chemical resistance. Ministat units 
also feature variable pump control, which allows 
faster heating and cooling for demanding applica- 
tions. The units feature a choice of interchangeable 
controllers and a backlit CD display designed for 
simple and intuitive operation. Allunits in the fam- 
ily also feature over-temperature protection and 
bath-flui level monitoring devices. 

Radleys For information +44 1799 513320 
wwsadleys.couk 


Cell Cycle Assay 
The Guava Cell Cycle Assay, when used in con- 
junction with a Guava PCA or EasyCyte platform, 
offers cell cycle phase analysis at your benchtop 
‘without the use of complicated flow cytometric 
methods. The cell cycle phase percentages and 
counts are displayed on the same screen as 
acquisition, without the need for involved soft- 
ware set-up, making it easy to visualize the 
results in both histogram and statistical formats. 
Unlike traditional methods, the cell counts for 
each sample are direct and absolute, without the 
use of reference beads. 

Guava Technologies For information +44 1780, 
764390 wwwnguavatechnologies.com 


Freeze Dryers 

Featuring the latest advancements in benchtop 
freeze drying, the AdVantage Plus Series is avail- 
able with up to three fluid-cooled shelves that 
maintain a level of precision in temperature con- 


www.sciencemag.org 


trol previously available only in production-scale 
‘units. As with the previous generation AdVantage 
‘model, a choice of condenser temperatures at 
53°C -75°C, and -85°C enables processing of a 
wide range of samples in stoppered vials or bulk 


drying in freeze dry flasks or trays. These compact, 
affordable units are toaded with functions that 
enable materials to be processed quickly, 
ciently, and conveniently. An optional workstation 
enables all aspects ofthe lyophilization cycle to be 
precisely controlled, monitored, recorded, and 
presented in graphic format. 

‘Gemevac +44 1473 240000 wom genevac.couk 


Cytotoxicity Assay 

The CytoScan-Fluoro Cytotoxicity Assay meas- 
ures the release of lactate dehydrogenase (LOH) 
from cells with damaged membranes. Released 
LDH is measured directly in the cell culture wells 
with a coupled enzymatic assay that results in 
the conversion of a nonfluorescent compound to 
a fluorescent compound, which can be detected 
with a fluorometer. 

G-Biosciences/Genotech For information 314- 
991-6034 wo Bioscences.com 


RNAi Screening 

The Lenti€xpress small-hairpin RNA (shRNA) 
based system is for rapid high-throughput RNA 
interference (RNAi) screening with minimal 
reagent preparation or optimization required. 
The addition of this technology to the Mission 
shRNA platform pairs the benefits of lentviral- 
bbased shRNA with a simple streamtined protocol. 
The bottleneck for researchers is the time and 
expense required to generate viral particles and 
devise a robust screening strategy. With the Mis- 
sion LentiExpress technology, researchers can 
eliminate reagent preparation with a sophisti- 
cated yet simple method to perform complex 
screens. An optimization plate enables 


researchers to quickly optimize the system for 
their particular celine. This optimization process 
‘is simple compared with other transfection meth- 
‘ds. Aresearcher simply adds the desired number 
of cells to each well, continues with optional 
selection andior addition of small molecules (or 
‘example, pharmaceutical compounds), and then 
proceeds directly to the desired assay for gene 
silencing or loss of function, 

‘Sigma-Aldrich For information 800-521-8956 
vo sigma-aldrich.com 


RNA Purification Kit 

The SurePrep RNA Purification Kits enable the 
‘capture of al sizes of RNA molecules from biolog- 
ical samples. This technology provides purified 
full-length large RNAs as well as small RNAs such 
85 microRNA (miRNA) and small-interfering RNA, 
SurePrep kits are versatile, isolating RNA from a 
wide variety of tissues and cell types, and they 
save time in the lab by reducing the number of 
steps involved in RNA purification. The SurePrep 
line makes use of spin-column chromatography 
with a proprietary resin for capturing RNA mole- 
cules from plant and animal tissues, cultured 
cells, Fungi, blood, bacteria, and yeast. The prod- 
uct line includes the TrueTotal Kit, which enables 
the extraction of all sizes of RNA, including large 
‘messenger RNA, ribosomal RNA, and small RNA 
species (less than 200 nucleotides) such as trans- 
fer RNA and miRNA 

Thermo Fisher For information 973-889-6365 
wane fishersc.com/RNA111M 


Newly olfered instrumentation, apparatus, and laboratory 
materials of interest to researchers inal disciplines in aca- 
emi, industrial and goverment organizations ave featured 
To this space. Emphasis is given to purpose hie aracteis- 
tis, and availability of products and materials, Endorsement by 
‘Science or AAKS of any products or materials mentioned i not 
Implied. Additional information may be obtained from the 
manufacture or supple. 
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Interdisciplinary Research 


BUILDING BRIDGES, 
FINDING SOLUTIONS 


Complex scientific problems and socially relevant issues are challenging scientists 
to find new ways to integrate knowledge from multiple and disparate fields. In: 
creasingly, collaborative approaches are changing the way science is done. 

By Jill U. Adams 


onsider obesity. It's a complex problem with no easy solution. Risk factors 
reside in your genes, the microflora in your gut, the food you ate as.a child, 
the people who share your home, and the physical environment of your 
town. But how do the genetics interact with the availability of sidewalks 
in your neighborhood? How do the foods you eat affect the microbial population in 
yourintestines? 

These multifaceted questions are answerable if geneticists and urban planners — 
or economists and immunologists—sit down in a room together and share their 
ideas. They may speak different dialects, use dissimilar methods, and experience 
personality clashes, but to succeed, scientists from diverse fields must find a way to 
shed preconceptions and make the effort to understand a foreign discipline. 

“interdisciplinary research is when you get people to work together enough 
that you go beyond disciplines working separately on the same issue,” says Barry 
Popkin, director of the University of North Carolina's Interdisciplinary Obesity Pro- 
‘gram. To get people out of their comfort zone, he says, it takes time and induce: 
ment, “Sometimes it takes money.” 

Incentives might bring scientists to the interdisciptinary table, but they won't keep 
them there. To bridge disciplines takes “an extra effort,” says Carol Van Hartesveldt, 
program director for IGERT at the National Science Foundation (NSF). IGERT stands 
for Integrative Graduate Education and Research Traineeship program and is the 
mechanism by which NSF encourages training in interdisciplinary research, “The fo- 
cus is on funding projects with excellent, significant, timely, cutting-edge research, 
That’s why people take the trouble to do this.” 

For administrators who want to encourage interdisciplinary research, it’s impor- 
tant to define a central focus, to give it adequate time, and to keep people talk 
ing. Established researchers who enter the fray should work well with others, ask 
“dumb” questions, and stay open to possibilities. For postdoctoral and graduate 
students, it's essential to get comfortable exposing yourself to outside influences 
and alternative research fields. 


Finding Focus 
In industry, the focus is the product or unmet need. Teams work toward the company 
goal of getting a worthy creation on the market. 

“4 think it is part and parcel of the way biotech companies function and have 
to function, frankly, in order to do excellent and relevant work,” says Douglas 
Williams, executive vice president and chief scientific officer of ZymoGenetics in 
Seattle, Washington. The market is so competitive, he says, that companies do 
whatever they can to keep ahead of the curve. 

In addition to mixing scientific disciplines, companies also blend expertise at dif 
ferent stages of the product pipeline. “We're bringing together skill sets that are 
necessary for taking an idea all the way to a product,” says Williams. “Project teams 
form, but the team structure tends to morph over time,” he says, as the focus shifts 
from research to development and eventually to marketing and sales, as the prod- 


uct gets closer to the marketplace. ntinued 
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Interdisciplinary Research 


“You rally people around a 
societal problem that transcends 
a particular discipline.” 


—Bruce Wilcox 


Because companies by definition have a strong product focus, 
‘one might think that they've got the interdisciplinary approach down 
pat. But that’s not necessarily the case, says John Tallarico, group 
leader of chemogenetics at the Novartis Institutes for BioMedical 
Research in Cambridge, Massachusetts. A company has to be spe- 
cifically structured for true cross-fertiization to occur. At Novartis, 
this means different categories of groups, some oriented by disease 
area, some specializing in methods, and some specifically created to 
build bridges among other groups. 

“if things are classically broken down, the pharmacologists only 
care about pharmacology, the chemists only care about medicinal 
chemistry, the cell biologists only care about their bioassays,” says 
Tallarico. “When there's a real silo effect, it's hard to be one of the 
‘groups who bridges those things, because people will always ques- 
tion you, What are you actually good at? What do you do?” 

Many companies now boast about doing interdisciplinary work — 
a sign that things are changing. But change takes time, even at a 
company like Novartis where the push for collaboration comes from 
the top, says Tallarico. Flexibility in thinking and a willingness to take 
risks —those are traits that Tallarico wants in his team members. And 
yet he acknowledges, “It’s nontrivial to convince colleagues that 
these are the best people out there.” 


Staying Flexible 
“What's exciting about Novartis is that 
you're going to have many different flavors 
of scientists at the table,” says Tallarico. 
When interviewing, he wants to know if a 
candidate is intimidated or excited by that 


prospect. “Some people have a passion for sews 


Fuel Cell IGERT at Rensselaer 
Polytechnic Institute 
fuelcelt-igert.rpiedu 
Igert at University of Ha 
www. jabsom.hawaii.edu/igert 
International Institute 
for Applied Systems Analysis 


must then interact with two or three other faculty—at least one of 
whom isin a different department,” he says. The mentor team must 
then convince the selection committee that they will collaborate, 

‘As for a defining focus, Wilcax says, “You rally people around a 
societal problem that transcends a particular discipline.” In his 
case, the theme is understanding how biodiversity relates to human 
health, specifically with regard to emerging infectious disease. “We 
try to inculcate in the students that the research they're doing—in 
minute detail—also needs to be placed in a larger context.” For in- 
stance, can they scale it up from a coral polyp to a coastal ecosys- 
tem, and relate it to the health of society? 

Even when the motivation is there, scientists trained in different 
fields have different cultures, different jargon, and different ways of 
thinking. One goal of the IGERT program, says NSF's Van Hartesveldt, 
“is that students lean how to talk, discuss, and approach problems 
with people from other disciplines.” 


Institutionalized Roadblocks 

{In addition to disciplinary barriers, there are organizational sticking 
points that can hinder team research, In a university setting, faculty 
members face bureaucratic issues concerning money and recogni- 
tion, says Van Hartesveldt. “When there are multiple authors on a 
publication or co-principal investigators on a grant, who gets credit? 
When there is overhead income [for indirect costs}, which depart- 
ment gets it?” 

The National Institutes of Health (NIH) is promoting interdisciplin- 
aty research as part of the NIH Roadmap and has addressed insti- 
tutional obstacles directly. “Heretofore, if you were a co-principal 
investigator, it was tantamount to being partially pregnant. It had no 
meaning,” says Lawrence Tabak, who is the director of the National 
Institute of Dental and Craniofacial Research 
‘and co-chair of the interdisciplinary research 
implementation group. “But now NIH has 
come up with a way of formally recognizing 
‘multiple Pls. We think that this is a big deat 
‘and will help universities recognize conti- 
butions related to team science.” 

The more the implementation group tack: 
{ed institutional barriers, says Tabak, the 


at Mar 


learning new things—that's huge,” he says. National science Foundation more they realized that NIH itself had its 
“if Lhad to phenotype my group, I'd say that neaenst gon ‘own impediments. First and foremost was 

NIH Roadmap for is - 
they like to push the envelope. And ifthey're pee that interdisciplinary research requires in: 


not being pushed themselves, they kind of 
get bored.” 

Some themes carry over to the academic 
side, including the truism that only some 


‘www.nihroadmap. nih. gov/ 
SS rediscplaay 


Novartis Institutes 
for BioMedical Research 


terdisciplinary review, he says. “When I've 
sat on study sections, anything that was 
interdisciptinary was met with one of two 
characterizations: overly ambitious or unfo- 


people are comfortable bridging disciplines. vevww.nibt.novartis.com cused.” 

“You can't make everybody be an interdisci- University of North Carolina In order to review proposals and evaluate 

plinarian,” says Bruce Wilcax, director of an Interdisciplinary Obesity Program programs, you have to define your goals, 

NSF-funded IGERT in ecology, conservation, sevwecpeune.edafider. says Elizabeth Wilder, another implemen: 

and pathogen biology at the University of 2ymvGenetics tation group member who is now acting as- 

Hawai in Manoa. “You have to cultivate and EAE sociate director of NIH's Office of Portfolio 
5 ADDITIONAL RESOURCES: 


develop those people with that inclinatio 

In Wilcox’s training program, bridging dis- 
ciplines begins with a student’s application. 
“They have to find @ mentor/sponsor who 
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‘Merck/AAAS Undergraduate Science 
Research Program 
ww w.merckaaasustp.org 


Analysis and Strategic initiatives. “The group 
spent a fair amount of time establishing the 
goals, both big and small.” Training an inter- 
disciplinary work force and continued » 
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Interdisciplinary Research 


“Science is the foundation 
and the tool, but it 

is talented people who 
discover drugs.” 

—John Primeau 


making it easier for academic researchers to traverse departmental 
boundaries are overarching objectives. 

Short-term goals are ones that can be measured —like publica- 
tions. “You've got to do a cluster analysis,” says Tabak. “If only bio- 
chemists, or only physicists, are citing a paper, maybe it’s not truly 
interdisciptinary. But if you have social scientists citing it along with 
physicists ... now maybe you've got something cooking.” 

New ways to measure graduate student training are also needed. 
In the same way that a discipline-bridging project may get accused 
of lacking rigor, a lab-hopping graduate student may suffer some di- 
lution of primary training, 

Michael Jensen, who directs an IGERT on fuel cells at Rensselaer 
Polytechnic institute in Troy, New York, admits that the time students 
need to work with different faculty is debited from any single effort. 
“But if we're looking at the professional growth of the individuals, 
then we should be encouraging them to take a broader approach,” 
he says. “I think we turn out a much better prepared student.” 

Jensen has participated in many interdisciplinary projects over 
the years, “I know that it’s these intersections of fields that can be 
the most productive areas for advancement,” he says. “Even though 
people pay it lip service by saying that it’s a great place to be, it's 
sometimes a very difficult place to work.” 


Entrepreneurship and Public Policy 
Jensen's IGERT includes faculty and students from six different aca- 
demic units, the most unusual of which is management. All the typi- 
cal careers for Ph.D. scientists—academia, industry, or startup com- 
panies—require some aspect of entrepreneurship, says Jensen. “A 
faculty member has to come with an idea and sell it to get funding. 
Industry often wants a researcher to be the champion for a technol- 
ogy. And if you're starting you own company, you're definitely an en- 
trepreneur.” 

With multiple skills, individuals can function as more than cogs in 
a machine. “Science is the foundation and the tool, but it’s talented 
people who discover drugs,” says John Primeau, executive director 
of infection chemistry at AstraZeneca in Waltham, Massachusetts. 
“In the past you'd have a smaller number of very smart people call- 
ing all the shots and directing the groups,” he says. Primeau says his 
company lets the people with the expertise —the scientists doing the 
work—influence strategy. By empowering project teams, progress is, 
faster and more efficient “because the people who have seen the 
data are also the people who are making decisions on the dat 

‘Many proponents believe that interdisciplinary research is a must 
to address complex problems in society. At the International Insti- 
tute for Applied Systems Analysis (ASA) in Laxenburg, Austria, 
“The goalis to do research in global change relevant to policy,” says 
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Leen Hordijk, IASA’s director. An international research organization 
with scientists from 38 different countries, 1|ASA was founded as an 
east-west think tank at the height of the Cold War. 

It's the societal aspect of research done at the institute that makes 
ita draw to many researchers, says Hordijk. “People want to contrib- 
ute to that. It's the excitement of having real influence.” 

The scientific staff reflects IIASA's broad goals. Forty percent are 
social scientists, 20 percent are mathematicians, and another 40 
percent come from engineering and the natural sciences. “The natu- 
ral sciences covers a very broad range,” says Hordijk, including at- 
mospheric scientists, ecologists, evolutionary scientists, meteorolo- 
gists, and limnologists, to name a few. “Most of the groups at the 
institute have a tool in development: a database or a model,” says 
Hordijk. “These common tasks bring different disciplines together 
‘on major environmental, social, and energy problems facing our 
planet—work that is well beyond any one discipline.” 


Keys to Success 

To get started, leaders have to get people talking, “You find targets 
of opportunity and you find ways to help people work together,” 
says UNC's Popkin, who describes a retreat attended by 50 faculty 
members. “Three days produced a number of projects —people talk- 
ing at lunches, breaks, and walking. it doesn't happen in any sys- 
‘tematic way.” 

‘And they have to keep them talking, says AstraZeneca’s Primeau. 
“The whole idea is to share," he says. “We're spread across the 
slobe, so we're trying to put together the infrastructure—in terms 
of information technology systems—to allow people to share data 
freely, That's the biggest challenge because we move so much infor- 
mation now." 

Institutions must provide “a long-term setting with long-term 
goals,” says 1IASA’s Hordijk. “In universities, you seldom have 
enough time to build a relationship,” due to short-term funding and 
‘staff turnover, both of which can “break a growing collaboration.” 

‘As a director of an academic interdisciplinary center, Popkin 
agrees. “It takes time to truly build teams. Not one or two years, it 
takes five years—for people to truly start talking to and understand- 
ing each other. And for the methods to start melding together— the 
‘measurement concems, the statistical concerns, and the theoretical 
concerns.” 

With regard to individual team members, it takes time to inter- 
nalize unfamiliar perspectives and to get educated beyond one's 
training. Maybe it just takes time for scientists to move beyond the 
indoctrination that comes with training in a particular field of study. 
NIH’s Tabak calls it “checking your hat at the door.” 

ToZymoGenetics’ Williams it's the play-well-with-others approach. 
“tts recognizing that you don't have all of the answers. The interdi 
ciplinary teams that do it well are the ones that have no preconceived 
notions about where the next great idea is going to come from.” 

‘And the learning curve that comes from crossing disciplines can 
reinvigorate a passion for science. 


Jill U. Adams is an interdisciplinary freelance writer living in upstate 
New York. 
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‘Takeda Cambridge's a crug discovery company specialsing indenting 
and validating novel drug targets derived from the human genome. 
Worldwide, Takeda develops, manulactures and markets abroad range 
of superior pharmaceutical products to strve toward beter heath for 
Individuals and progress in medeine. We are curently seeking W recrut a 
Principal Scientist based in our Cambridge facity to lead our metabotic 
disease programme. This ole willbe responsibe for developing 3 
‘mechanistic understanding of new drug targets in key metabolc 
pathophysiological pathways of obesity and diabetes. 

‘Applicants must have sound knowledge ofthe pathophysilogy of 
‘molabole dueases and her Yanslaton tom Fanagenc modes humans 
‘n adtion,signitcant echnical sks advanced metabotc experimental 
{design and implementation are required. This expertise wil have been 
‘acquired in an industrial or academic seting, 


‘The successil applicant wil hve a putication rack record in the fed of 
labetes and obesity and wil be a highly motvaled, committed scientist 
able to drive projects forward independently. Good interpersonal sks and an 
‘emphasis on teamwork are essential This positon reports to ie Head of 
[Discovery Biology and is closely integrated wihin the Biology depariment. 
‘The company offers a competitive salary and atractwe benetits package. 
Closing date for applications: 31 December 2007 

‘Human Resources, Theda Comrie Ls, 418 Cambrgge Science Pom 
CCamerigge, C84 OPA, UK. Please indeale whore you sam tie advertoement 
“Tob 44 (0/1220 477910 Fax: (0}1223.47701 oma: baked com 


Takeda Cambridge's an equal opportunites employer 


Gunderse 
juydgrsen 


Jutmneran. 


Hematology /Oncology Research Scientist 
Sandee hrs Cat te weir anc copes erty Woe 
med scho e taba awe 


‘gloss. onset wi 

{etowships, bat peevenee 

independent eench poss 

‘lotteieahScerceCansriunCetr Ajay epetnentw teu iyo We 

Medel Schooled Uieiyof icone LaCie balioeapeced 

‘Gundersen utera Heath Syste i re, rl-speciy up pracice mth mace tha 602 

eda and mi evel overs. ts asset designated asa Top 100 teat ace 

Netwock, The Center tor Cancer and Blood Dsodes consisting ot medal onslgits, & 

‘enables, 2 pedatichenatoptoncbists, ad radiation oncbogts, ee ovr L400 

tears eschyn sodas stant Gasca ch pogo Cont fe reve 10 re 

‘neal ia va priate ED, COG, TOG, 6G ACOSOG TSU Waconie Decoy 

teen, Pate 2Centatom, 6d Tansee einen Chal Wate etn 

{a Gosse isa city 50,0006 (aitha vegan population ove $0,000, the bans of the 
Missi Wee Sale neihbotoads, excel dab hosing reratabe 

dy an extensive ecreainalcival hace converge ft a pet est th 


\Weiniteyoetoconac athe Medic Sal esapment 08 7751005018038 95674 
5105, ugar. ens lsvisitus at wwmgunich og 


We suppert ase heathyand dg rework evionnedt though 
‘Cato substance screening COE/AATOULEP 


RUTGERS 


NEW BRUNSWICK 
Founding Director 


Rutgers, the State University of New Jersey, is searching, 
for an outstanding NIH-funded scholar to be the Founding. 
Director of the New Jersey Institute of Food, Nutrition, and 


the Departments of Nutritional Sciences, 
Animal Science, Chemical Biology, Plant S 


provides a unique opportunity to build and le 
from conception to fruition. The Institute is one of thre 
primary life science initiatives of the university's Pre 
and Executive Vice President for Academic Affairs, The 
Director will report to the Executive Dean of the School 
of Environmental and Biological Sciences. A doctorate 
in nutrition, medicine, public health, or related scientific 
discipline is required. 


The Institute will be a key player among the vibrant 
biomedical, biological, and behavioral science communi 
ties on the New Brunswick’ Piscataway campuses. The 
Founding Director will be expected to attract extramural 
funding and to build academic linkages between exist- 
ing program areas which include the Rutgers Institute 
of Human Genetics, Food Policy Institute, and Center 
for Lipid Research; the Rutgers-UMDNJ/Robert Wood 
Johnson Medical School joint initiatives which include 
the Center for Advanced Biotechnology and Medicin 
Stem Cell Institute, and School of Public Health; and the 
UMDNJ Cancer Institute of New Jersey, Child Health 
Institute, and Cardiovascular Institute, 


The commitment of Rutgers University to the new Institute 
is outstanding and includes significant resources for start 
up costs, new faculty and staff, and foundation support for 
continued growth, along with new and renovated laboratory 
space dedicated to the initiative. 


Alletter of applicati 
fessional reference 


curriculum vitae, names of four pro= 
ind a statement of leadership obje 
tives should be sent by electronic or regular mail to the: 
Office of the Executive Dean, School of Environmental 
and Biological Sciences, 88 Lipman Drive, Rutgers, The 

fate University of New Jersey, New Brunswick, NJ 
08901 (execdean@AESOPRutgers.edu). Inquiri 
be made to Dr. Michael A. Gallo, Search Committee Chair 
(magallo@eohsi.rutgers.edu). Review of applicants will 
begin January 2, 2008, and continue until a suitable can- 
didate is identified. Starting date is negotiable, on or after 
July 1, 2008. 


Rutgers, The State University of New Jersey, is an 
Affirmative Action/Equal Opportunity Employer and 
seeks to employ the best qualified individual without 

regard to race, religion, color, national origin, ancestry 

‘age, sex, sexual orientation, physical or mental 
handicap or disability, or marital, military, or veteran's 
status. Individuals covered by Section $03 of the 

Vocational Rehabilitation Act of 1973 or Section 402 of 

the Veteran's Readjustment Assistance Act of 1974 may 
self identify. If you wish to self identify, please do so 

in the cover letter transmitting your curriculum vitae/ 
resume. Employment eligibility verification required. 
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AYAAAS 


Editor in Earth and Space Sciences 


Join the editorial team at Seience. We are seeking a new Associ 
ate Editor in the physical sciences. Applicants should have a 
broad range of interests and research experience in astronomy 
and astrophysics and/or the Earth and planetary sciences. Appli- 
cants should have post-doctoral experience, multiple publica- 
tions, and a breadth of knowledge of cutting-edge research in 
these fields. Responsibilities include managing the review, 
selection, and editing of manuscripts, working with authors on 
revisions, solicitation of Reviews and special issues, and foster- 
ing contacts and communication with the scientific community 
The position is for either our Washington, DC, or Cambridge, 
UK, offic 


For consideration, send a resume and cover letter along with 
salary requirements to: 
AAAS 
Human Resources Department, Suite #101 
1200 New York Avenue 
Washington, DC 20005 


Applications can also be sent by e-mail to hrtemp@aaas.org 
oor Fax to 202-682-1630, Visit us at http://wwwaaaas.org 


Huazhong Agricultural University 
IZA), anational key university founded 
iyof 211 Project, she 


Education of China, featuring superior with 
agriculture and life science: The beautiful 
campus, located at Lion Hill by South Lake 
inthe city of Wuhan, coversan area of about 
5 square kilometers. 


HZAU comprises 13 colleges and 2 independent department 
with over 1200 faculty members, HZAU is armed wit 
48 undergraduate programs, 87 master programs, $4 PhD 
programs, 10 PhD disciplines, 10 post-doctoral research centers, 
8 national key specialties and 1 national key discipline, In the 
new century, HZAU will further speed up her progress and 
strive to become a distinctive research university, 


Now we are inviting applications for FACULTY POSITIONS 
of the Chang Jiang Scholars Distinguished Professor Programme 
in the following 8 research fields: crop breeding and genetic 
microbiology, pomology, biochemistry and molecular biology, 
aquiculture, animal genetics breeding and reproduction, 
production and cultivation, agricultural and forestry economics 
and management. Furthermore, all the disciplines are inviting 
applications for excellent researchers with doctor's degree, 


Details are available at http:/www.hzau.edu.en, or direct 
inquiries to Department of Personnel of the university 
rejlzx@ mail.hzau.edu.cn (¢-mail) or +86-27-87280957 or 


EOE. Nonsmoking work environment. 


+86-27-87281533 (telephone) 


UCMERCED 


Senior Faculty Positions in Ecology 


(Deadline Extended) 
Applicants are invited for two senior faculty positions in 
Ecology at UC Merced, the new 10* campus in the Uni- 


versity of California system. Appointments will be made at 
Associate or Full Professor. Outstanding individuals with 
research interests in any area of ecology using experimen- 
tal, field, computational, and/or theoretical approaches and 
‘working at population to ecosystem scales are encouraged 
to apply. We seek distinguished scholars who will provide 
leadership in establishing an internationally recognized 
program in ecology, and who will participate in develop- 
ing innovative, interdisciplinary curricula and in teaching 
and mentoring of a diverse undergraduate and graduate 
student population. 


Applications from interdisciplinary teams of ecologists 

offering an integrated research approach will be considered. 

For more information and to apply, visit: 
http://jobs.ucmerced.edu/n/academic/position,jsf? 


Application deadline is extended to December 15, 2007. 


AA/EOE 


UKANSAS 


Faculty Position in 
Bioinformatics/Computational Biology 


‘The Center for Bipinformatics (wwwbioinformaticskuedu) and the 
Departmen of Electrical Engineering and Compuier Science 
(ttp:/heww.cees.ku.edu) at The University of Kansas invite applications 
for a tenure-track assistant professor position expected to begin August 18, 
2008. The Bioinformatics initiative is part of a major expansion in Life 
Sciences and complements exiting strengths in information technology, 
Sanictural binlogy, computational chemistry, biophysics, proteomics, devel 
‘opmental and molecular genetics, and drug design. Duties: to establish and 
‘maintain an externally-funded research program, to participate in teaching, 
‘and o provide service. Required Qualifications: Ph.D. in a discipline relat- 
ced to Bioinformatics or Computer Science expected by tat date of appoint 

: potential for excellence in research in Bioinformatics; and commit- 
rent to teaching bioinformatics and computer science coures; strong 
record of research accomplishments in at least ane of the following areas: 
biomolecular networks modeling, bioinformatics databases, and computa- 


single file, including CV, letter of application, statement of past and future 
‘esearch and teaching interests and philosophy to: asawyer@ aud. Have 
at least three letters of reference set separately 0: De. Robert 


Strong Hall, Lawrence, KS 66045-7535, Initial review of applications 
begins January 15, 2008 and will continue until the position is filled. 
EOIAA Emploser, 


LEAD, PARTNERS: 


DOE Bioenergy 
Research Centers 


Great Lakes Bioenergy Research Center (GLBRC) 
BIOENERGY RESEARCH POSITIONS AVAILABLE 


The DOE's Great Lakes Bioenergy Research Center 
isan emerging worldwide center of excellence for research and 
development of cellulosic biofuels and other bioenergy products. 
The GLBRC is initiating integrated research to remove existing 
bottlenecks in the bioenergy pipeline, while developing 
technologies and practices that are economically and 
environmentally sustainable. 


Post-doctoral, research, and graduate student positions are 
available in plant and microbial bioenergy programs 


‘Areas of Research Focus: 

® Improving Plant Biomass for Biofuels 

® Biomass Engineering and Processing 

Microbial and Chemical Conversion of Biomass to Fuels 

© Environmental and Economic Sustainability of Biofuel Systems 
® Genomics, Modeling and Enabling Bioenergy Technologies 


To learn more about this center and employment 
‘opportunities please visit "Jobs" at 
www.greatlakesbioenergy.org 


DIRECTOR, OFFICE OF 
‘SCIENCE OUTREACH 
University of Missourl- 

‘Columbia (MU) 


We seek & Director for the Office of Science 
‘Outreach in the MU Seence Edeation Center 


in the Deps sarning. Teaching. and 
Curriculum Division of Biological Si 
ences. This individual will provide intellectual 
and ereative leadership fora coordinated Science 
‘Outreach Program at MU in which scientists and 
ene educators interact with K-12 students and 
teachers. The Director will collaborate w 
iss to integrate K-12 outreach e 
{nto their research proposals andl to des 
tive assessments of those eomponcat 
grant proposals for professional develops 
projects for K-12 ers and provide 
lectual support for a “Seientists in the 
Schools” program staffed by graduate students 
‘Applicants must have a PHD in Science Eduea- 
tion, Biological Sciences, or ina related area and 
experience in science outreach K-12. 


Applicants should submit leter of interest und 
‘outreach vision, and 3 letters of reference 
to: Prof. Sandra Abell, Director, MU Sek 
ence Education Center, 303 Townsend Hall, 
University of Missouri-Colambia, Columbia, 
MO 65211 or AbellSi@missouri.ed, Review of 
applications will begin November 30, 2007 and 
‘will coatinue until the position is filled. 


MU is an Equal Opportunity/Affirmative Action 
Employer We specifically encourage applica 
tions from women and minorities. 


O 


‘One position is broadly defined asthe area of Ecological Physiology. Weare looking fora researcher 
‘whose work is fickd-based and integrative, and are particulary interested in researchers using genetic 
and hormonal approaches within an ecological context. Organismal focus (animal or plant) is open, 


‘The researchers would be expected to participate in a broad mul 


lobal Change Biology within the Department of Biology. This it 
‘who use multiple levels of analysis to understand how rapid environnyental changes are impacting 
populations and individual onganisms, including: loss of biodiversity, rapid evol 

physiology, reduced agricultural outputs, and evolution of new pathogens, Postdoctoral experience 
required 


3 Global Change Biology Tenure Track Positions 


“The Departmentof Biology atthe University of Massachusetts at Amberstis seeking 
to fill three tenure-track faculty positions at the Assistant professor level: 


‘The second positions inthe areaof Endocrine Disruption. Weare secking researcher whose intr- 
estisinefect of enviconmental contaminants on endocrine physiology. We are particularly interested 
im researchers examining the physiological mechanisms underlying endocrine disruption 


The third position isin the area of Plant Metabolism. We are seeking a researcher who uses sys= 
tems biology and/or functional genomic approaches to understanding plant metabolism. The area 
‘of research should be relevant to the use of plants for bioenergy, for example, carbon metabolism 
‘biopolymer production by plants, 


sciplinary initiative in 
ative bridges a group of faculty 


ion, disruption of 


Applications, which should include CV, statements of research interest and teaching philosophy, 
‘and the names, addresses and e-mails of at least 3 references, should be sent to: Biology Search c/o 
Ms. Karen Nelson, Biology Department, University of Massachusetts, Amherst, MA 01003. It 
is very important that you reference the position number to which you are applying. Positions to 
be filled contingent upon funding. The position numbers are as follows: * Ecological Physiology 
32351 + Endocrine Disruption 32352 « Plant Metabolism R32353. Evaluation of applications 
‘ill begin on December 


2007 and continue until the positions are filled 


The University of Massachusetts is an Affirmative Action Equal Opportunity Employer: 
Women and members of minority groups are encouraged to appl: The Biology Department 
is aggressive in its efforts to hire candidates who will enhance the diversity and general 


balance of the faculty and the sciences, 


ce Careers 


Scie 


© University of Pittsburgh 
Professor Position 


Department Environmental and Occupational Health 
Graduate School of Public Health 


‘The Department of Environmental and Oscupational Health, Graduate 
School Public Health invites applications fora tenure/tenure track position 
at the rank of Professor. We arc sccking qualified Ph.D. and/or M.D.candi- 
dates with a demonstrated record of excellenos in rescarch in envigonmcntal 
genetics and molecular and cell biology in envioamental health sciences. 
Applicants are expected to have history of leadership in environmental 
health science with a strong and current track record of research funding 
andinvolvement in graduate olucation. Opportunities exist for collaborative 


logy, stem cell and developmental biology, acurescience, 
cancer biology and fice radical biology. Further collaborations and sup- 
ort are available from outstanding resources in genomics, structural and 
computational biology and toxicology, imaging, gene therapy and drug 
discovery programs. 


The successful candidate willbe expected to develop outstanding indepen- 
deat rescarch programs and participate in graduate teaching and advising 
Attractive start-up packages and competitive salaries have been commit- 
ted. 


Applications willbe reccived until the position is filled. Interested applicants 
should provide a one-page statement of proposed research, a curriculum 
vitae and names and contact information of three references to: Valeria 
Kagan, Ph, _ Department Environmental and Occupation: 
Health, Graduate School of Public Health, University of Pitsbargh, 
Bridgeside Point, 328 CLMCS, 100 Technology Drive, Pittsburgh, 
PA 15219; Recruitment coh.pited 


The University of Piusbungh is an Affirmative Action, 
Equal Opportunity Employer: 


MICHIGAN STATE 


VERSITY 
EVOLUTIONARY ECOLOGIST 


‘The Department of ology at Michigan State University invites applica- 
tions for an academic year (AY), tenure-track position at the Assistant 
Professor level. We seck an individual with excellent quantitative skillsto 
address cutting-edge questions about the evolutionary ecology of animals 
using field, experimental, nd oe theoeetical approaches. 


“The successful candidate will contribute to undergraduate and graduate 
teaching and research training, participate in MSUs interdepartmental 
‘graduate program in Ecology, Evolutionary Biology, and Behavior (http: 
Zwwew.msu.edu/~eebb), and maintain a successful, extemally funded 
research program. Information about the Department of Zoology can be 
found at http://www.200logy.msu.edu/. 


Applicants should have a PhD; postdoctoral experience is desit- 
able. Application via email is preferred; materials should be sent to 
‘zoology’a msu.edu, We would prefer to receive the cover leter, curict- 
Tum vitae, a summary of research accomplishments and future objectives 
and a description ofteaching philosophy and goalsasa single PDF file, Up 
to three repeints or preprints may be submitted Please have three letters of 
reference sent via email, with signed paper copies sent in parallel to The 
Evolutionary Ecology Search Committee, Department of Zoology, 
Michigan State University, Natural Science Building, East Lansing, 
‘MI, 48824-1115, The review of applications will begin December 17, 
2067 and will continue until a suitable candidate is identified. Questions 
regarding this position may be sent to Tom Getty (getty’a msu.edu), 
Chair of the Search Committe, 


MSU is an Affirmative Action, Equal Opportunity Employer committed 
to achieving excellence through cultural diversity. The University 
actively encourages applications and/or nominations of women, 

persons of color veterans and persons with disabilities 


Tenure-Track position in 
Behavioural Ecology! 
Animal Behaviour 


UNIVERSITY 


ww jhology) invites applications fora tenure-track postion 
SSSA Eloy Reina Beh our ar eran of Aca roar 
007-KM4). Preference willbe given to applicants whose 
research has a sroog fie component and focuses on local marine andor 
terrestrial species. The successfl candidate will havea Ph.D-in Psychology 
ora closely related discipline and is expected to contribute to the inns 
plinary Cognitive and Behavioural Eeology geiduate prograrioe. 
Applicants should send (1) a cuticulum vitae; (2) a statement of research 
interests including sekted reprints @)atatementof ther teaching interes 
and evidence of efectve taching: and (4 the names and contact informa 
tion of three referees to: Dr. lan Neath, Head, Department of Psychol- 
‘ogy, Memorial University of Newfoundland, St, John's, NL, ATB 3X9, 
Electronic submissions may be sent via e-mail 9 ineathigmunca, The 
appointment will begin on July 1, 2008, or as soon as possible thereat. 
‘The closing date forthe position is January 25, 2008 
Memorial University is the lamest university in Atlantic Canada As the 
province's only university. Memorial plays an integral oe in the education 
and eutual if of Newfoundland and Labrador. Offering diverse undergrad- 
ae and graduate prograramesto almost 18,000 students, Memotal peov ies 
distinctive and stimulating environment for learning in St. John's, avery 
safe, friendly city with great historic charm, a vibrant cultural if, and easy 
access to a wide range of outdoor activities. 
Memorial University is part ofa lively and engaging scientific, ans. and 
{engineering community which maintains an inventory of available positions 
{or qualified partners. Partners of eandidates for this position ae iavited 19 
incl their resume for possible matching with other job opportunities. 
All qualified candidates ae encouraged to apply; however, Canadians and 
permanent residents willbe given peonty. Memonal University is commited 
to employment equity and encourages applications ftom qualified women 
and men, visible minorities, aboriginal people and persons with disabilities 
Informal inguites are welcomed. 


Faculty Position 
UNMC Eppley Institute for Research in Cancer and 
Allied Diseases 


‘The Eppley Institute for Research in Cancer and Allied Diseases, 
snuli-sciplinary cancer rescarch institut atthe Unversity of Nebraska 
cations fo tenureeading po 
tall evels, We scok candidates with outstanding records of cancer research 
achievement focusing on hasic molecular and cellular mechanisms, moleci- 
lar therapeutics or specific disease model. Researchers with x pertise Using 
hiemical geetic or chemical nomic approaches, inching but not mite 
to sate-oftho-art techniques for identifying small molecules direct at 
‘ance targets, i vt and in vivo methods to enhance molecular target 
validation and techniques for dcotifying and validating cancer biomarkers 
ars encouraged apy 
‘The Eppley insite for Rescarch in Cancer and Alli Diseases an integral 
part of both the University of Nebraska Motical Center and the UNMC 
Cancer Center (NClesignated Cancer Centr), continues aggressive 
recruitment of oustanding scientists in several areas of scientific prior 
iy. The Institute provides a supportive cvironment that fosters creative, 
rmuliieiplinary research with work-clas Laboratory facilis, state of 
the art core facilities, and oustanding instttional and state support. New 
faculty will ied a collaborative scientific environment coupled with Very 
‘competitive start-up packages. Both pre-and postdoctoral fellowships are 
available for support of tainces. Omaha, the nation’s 42nd largest city, 
‘offers an outstanding school system, low cost af living, and numerous 
recreational activities. 
Candidates should have a PRD. and/or M.D. degree and postdoctoral 
research experience. Applicants can apply online to position #2468 at 
https:/jobs.unme.cdu. Additional information can be found at http: 
Uwwwunme.eduleancercenter/ Candidates should also forward a mini- 
mof 3 lsters of feference to: Search Committee, Eppley lasicute for 
Resarchin Cancer and Aled Dsnss, Ath: Mat Wey, Ualversty 


sbraska Medical Center is an 
Equal Opportunity Employer: 


DIRECTOR, THE EDWARDS LIFESCIENCES CENTER FOR 
ADVANCED CARDIOVASCULAR TECHNOLOGY 


‘THE HENRY SAMUELI SCHOOL OF ENGINEERING AT THE UNIVERSITY OF CALIFORNIA, IRVINE invites qualified applicants for the found- 
ing Director position ofthe newly established Edwands Lifesciences Center for Achanced Cardiovascular Technology. The faculty appointment will be 
atthe rank of Professor in the DEPARTMENT OF BIOMEDICAL ENGINEERING, beginning July 1, 2008. We seek a visionary leader in the field of 
cardiovascular technology who will develop the new center to be an academic center of excellence inthe design and translation of new cardiovascular 
technology. The Edwards Lifesciences Center has an initial naming endowment from Edwards Lifesciences, a global leader in devices to treat candi 
vascular disease, located just ten minutes from campus. Additional resources for the Center will be new faculty positions in biomedical engineering 
dedicated to cardiovascular esearch, and approximately 13,000 assignable square feet of new research and administrative space in Engineering Unit 3 
slated to open in the summer, 2009, 


‘The successful applicant will: 
+ havea distinguished and scholarly background in high impact cardiovascular rescarch, with evidence of translating this technology to the 
private sector. 
show evidence or potential to provide strong leadership. 
bbe expected to leverage the resources from the endowment Co significantly enhance the research and training environment of the Center, 
hold an M.D. or Ph.D. degree in biomedical engineering or related field. 
will be expected to advise students, and contribute to the teaching and training programs in biomedical engincering. 
‘enhance collaborative opportunities between the Center and other faculty members within the Department of Biomedical Engineering, the 
Henry Samucli School of Engineering, and the College of Health Sciences. 


The University of California, Irvine is situated in Orange County's rapidly growing high technology sector that includes more than 150 biomedical 
companies which are actively involved in our program. 


For full consideration, candidates should upload applications electronically, please refer tothe following website for instructions: http://www.eng.ucLedu/ 
click on the Employment side bar. Applications should include a curriculum vitae, a brief (no more than 2 pages) description of a vision for the 
Edwards Lifesciences Center, nd names of a least three references. Questions regarding these positions may be addressed to Ms, Ruth M. Gratzer, 
‘rmgratze(@ uei.edu, For more information about the Department of Biomedical Engineering please visit our website at http://www bme.uci.edu, Appli- 
‘ations will be accepted until the position is filled, although maximurn consideration will be given to applications received by February 1, 2008, 


UCT is ca Equal Opportunity Employer committed to excellence through diversity and strongly encourages applications from all qualified applica, 
Including women and minorities. UCT is responsive to the needs of dual career couples, is dedicated to work-life balance through an array of 
family-friendly policies, and ts the recipient of an NSF ADVANCE Award for gender equity 


‘THE UNIVERSITY OF CHICAGO 
CANCER RESEARCH CENTER 
TRANSLATIONAL CANCER 
IMMUNOLOGY/MMUNOTHERAPY 


The University of Chicago Cancer Rescarch 
Center, together withthe Section of Hematology 
‘Oncology the Section of Pediatric Hematology 
‘Oncology, and the Department of Pathology ts 
seeking fheully with translational research 
interests im cancer innmunology. The preferred 
‘candidates will be an MD, PRD, o¢ MD/PRD 
wilh expertise in elincal and/oe laboratory-based 


EXECUTIVE DIRECTOR / CEO 
WOMEN’S & CHILDREN'S HEALTH RESEARCH INSTITUTE 
SOUTHAUSTRALIA — www.wehri.com.au 
Duct the retirement ofthe current Executive Director, the Wownen’s & Chiken's Health Research Insitute 
(WCHRI)issccking a new Executive Directo. The suocessful candidate will deve the implementation ofa 
ccenlly signed research partnership wah the Children, Youth and Women's Health 
partnerships with other esearch organisations and un cries 1 achieve 

WCHRI is an indspendent modical rescarch institute committed Wo improving the health of women and 
children. Established in 1989 as the Child Health Research Institute, WCHRI currently has around seventy 
stafand students located i seven rescarch groups: Basi: Nutrition, Applied! Nutrition, Epithchal Biology, 
‘Skin Biology, Leukaemia, Leucocyte Biology and Molecular Immunology, The research groups are locale 


‘eaneer immunology research, Excellent teaching 
shills are also required. Clinieal candidates must 
‘vant specialty and must be 
ical icens State of 
Mlinois. Successful candidates will become 
integrated members of the Immunology and 
‘Cancer research communities at the University 
‘of Chicago, with laboratory space available in 
the new Knapp Center for Biomedical Discove 
building. Translational research efforts are sup- 
ported by outstanding infrastructure components, 
inchiding a GMP facility, Human Immunologic 
Monitoring Facility, and core facilities foe gone 
‘expression profiling flow eytometry monoclonal 
antibody production, tissue banking clinical ral 
‘data management, and others. Academic rank 
and salary commensurate with background 
fand experience. Send euriculum vitae include 
ing a brief deseription of research interests and 
references to: Thomas F. Gajewshi, MD, Phl 
Geiger, The Universit 
‘of Chicago, $841 South Maryland Avenue, 
MC1140, Chicago, IL 60637 or via email 1 
pgeiger@ medicine.bsd.uchicago.edu. The 
University of Chicago & an Affemative Action 
Equal Opportunity Explover. 


1 three hospitals in Adelaide in keeping with our commitment to clinically relevant researc. 
CHER is well positional for growthand provides exciting possibilities forthright applicant. The Institute 
thas an excellent track record in attracting funding from national and international finding agencies and 
tndusiry and s equipped with state ofthe at ficiiies. Our scientists ac highly collaborative, both within 
and outside the Institute, and most are AfBiates ofthe University of Adelaide 

The Exseutive Director will bring to this role excsllent leadership, communication, negotiation, planning 
and mierpersonal skill as well as ant oustanding intemational tack record of basi aor clinica research 
‘relevant io WCHRI's vision. The successful candidate will be expected to enhance WCHRI's proile both 
‘the intenational research community and with Government and the local community. The Exseutive 
Director will also be expoctedo attract pocr review research funds to continue inicmationally recognised 
research 

‘Terms, conditions and salary willbe competitive and commensurate withthe qualities sought in a successful 
applicant 

More information is available on our website hutp:/;www.wehrl.com.au or contact the current Exceutive 
Director, Professor Heddy Zola Tel 61 ¥ 8161 7015, email: heddy.zola@ adelalde.ed 

Resumes including covering Iter and the names of throe referees 

‘The Busioess Manager, 

‘Women's & Children’s Health Research Institute, 

72 King William Ra, 

North Adelaide, 


Closing Date: 18 January 2008 


Science Careers 


@ Penn 


Univesity of PENNS 


ASSISTANT or ASSOCIATE PROFESSOR 
Stem Cell Biology 


‘The Department of Animal Biology and the newly established Insti- 
tute for Regencrative Medicine at the University of Pennsylvania are 
soliciting applications for a TENURE-TRACK faculty position at the 
ASSISTANT or ASSOCIATE PROFESSOR level. Animal Biology has 
4 strong commitment to basic biomedical research and is located at the 
heart of Penn's Philadelphia campus in an interactive scientific environ 
‘ment, Candidates with research interests in the broad areas of basic and 
translational research in stem cell biology, using various model systems, 
are encouraged to apply. Applicants must have a PhD, MD, VMD/DVM 
‘or equivalent degree along with postdoctoral training, and should be 
prepared to establish an independent extramurally funded research pro- 
gram, Applicants are expected to interact with multiple existing Research 
‘Conters at Penn, such as the Center for Animal Transgenesis and Germ 
Cell Research, and to teach in the Department and in University-wide 
graduate programs. 


Candidates should apply online by February 1, 2008 at ttps:// 
facultysearches.provost.upenn.edu/, and attach PDF files containing 
‘ curriculum vitae, a statement of research interests, as well as three 
reference letersto: Dr. O. Jacenko, University of Pennsylvania School 
‘of Veterinary Medicine, 3800 Spruce Street, Philadelphia, PA 19104- 
(6046; FAX: 215-573-5189, 


The University of Pennsylvania is an Equal Opportunity/Afirmative 
Action Employer: Minorites/Femsles/Individhuals with 
Disabilities/Veterans encouraged to appls 


@ Penn 


Dxtonasry of PaNsvuvenia 


ASSISTANT or ASSOCIATE PROFESSOR 
‘Mitochondrial Biology and Metabolism 


‘The Deparment of Animal Biology at the University of Pennsylvania 
i soliciting applications fora TENURE-TRACK faculty position at the 
ASSISTANT or ASSOCIATE PROFESSOR level. Candidates with 
research interests inthe broad areas of basic and translational research 
that pertains to mitochondrial biology‘genetics,bioenergtis, and cell 
‘metabolismas wells their funetions in stem cell biology andior dysfunc- 
tion in cancer and other disorders are encouraged 1 apply. This positon 
is fr imerfacing with existing strengths ofthe School- and University 
‘wide programs in obesity diabetes, oncology, neurodegencration, stem 
cell biology and infectious diseases. 


Animal Biology has a strong commitment to basic biomedical reycarch 
ands located in the heart of Penn's Philadelphia campus in an interactive 
Scientific environment. Applicants musthave a PhD, MD, VMD/DVM or 
‘equivalentdegroe along with postdoctoral taining. and shouldbe prepared 
to establish an independent extramural funded esearch program. Applic 
canis are expected to interact with eauliple existing Research Centers at 
Pn, suchas the Mari Lowe Comparative Oncology Center and to teach 
inthe Department and in University-wide graduate programs, 


Candidates should apply online at https:/facultysearches.provost 
supenn.edu/ by February 1, 2008 and attach PDF files containing a 
‘curriculum Vitae, a statement of research interests, and three reference 
Iesices addressed to: Dr 8. Fuchs, University of Pennsytvania School 
‘of Veterinary Medicine, 3800 Spruce Street, Philadelphia, PA 19104- 
(6046; FAX: 215-873-189 


The University of Pennsylvania is an Equal Opportunity/Affirmative 
Action Employer. Minorities Females/Individuals with 
Disabilities/Veterans encouraged 10 apply 


Head, Department of Biology 


Texas A&M University 
College Station, Texas 


‘A nnational search is underway to identify outstanding candidates for 
Head of Biology at Texas A&M University, one of the largest universities 
in the nation with an enrollment of over 46,000 students and recently 
rated #1 in serving the needs ofthe nation by Washington Monthly. Our 
thematically diverse department is at the research and teaching core of 
the basic life sciences at Texas A&M University. The department seeks 
‘an individual with a vibrant and internationally recognized research pro- 
‘gram, a sincere commitment to undergraduate and graduate education, 
and proven leadership skills 


‘The Biology Departmenthas nearly 1800 undergraduate majors,90 gradu- 
ate students, 44 full-time faculty members, 6 joint appointments, and 7 
lecturers, The university is committed to increasing the number of full- 
time tenured and tenure-track faculty to a least 50, including expansion 
‘of research space. Department facilities support a wide range of molecular 
biological, imaging, and computational technologies. Complementary 


‘expertise and specialized research facilities are available on campus. 
Further information about the department, its faculty, and its facilites 
‘can be found at our website: www.bio.tamu.edu. 


Applicants should send by email a CV and a statement of research 
accomplishments, teaching perspective and administrative philosophy 
to: Headseareh@ mail.bio.tamu,edu. Review of applications will begin 
January 15, 2008, and continue until the position is filled 


Texas A&M University is an Equal Oppornity/Affrmative Action 
Employer that is dedicated to the goal of building a culturally diverse 
‘and pluralistic faculty and staff who are committed to teaching and 
working in a multicultural environment. We strongly encourage 
‘applications from women, minorities, veterans, and individuals with 
‘disabilities. The university is particularly responsive to the needs of 
dual-career couples. 


Department Head, Environmental and 
Radiological Health Sciences 


Colorado State University 


This is (www.cymbs.colestate.edwerhs/) an opportunity for an in 
vidual with bold vision to fead a vigorous, diverse group of scholar 
centreprencurs. Sections of Cancer Biology, Epidemiology. Occupational 
Health, Radiation Protection, Toxicology, and Diagnostic Imaging, all 
have internationally recognized research and programs in human animal 
health. Strength lies in affiliation administration of super clusters—join- 
ing of academia and business to move discovery to practice (http: 
Usuperclusters.colostate.edw). The Department is key to the Cancer 
Research superclsiee NIOSH Cente for Agricultural Heat Safety: 
NIOSH MAP Education Research Center; and isa key tothe Colorado 
Schoo! of Public Health initiative. The department afiiates with another 
super cluster and 3 programs of excellence (http://ypr.colostate.edu 
index.asp2url=prse). The Department Head will provide academic” 
scientific leadership, strategic vision development, businessfacilities 
‘management, development mentoring of faculty and have a commitment 
to diversity as demonstrated by persistent effort, active planning, and 
allocation of resources or accountability for diversity, 


Applicants must have a Ph.D. D.V.M., M.D., or equivalent; demon- 
strate achievement in scholarly activity, teaching/mentoring, strategic 
planning; plus meet requirements fora full, erwred professor. A letter 
‘of application, curriculum vitae, and list of three references, who may 
bbe contacted when appropriate, should be sent electronically or by 
post to: 

Dr. Kenneth Blehm 

CSU, Campus 1601 

Fort Collins, CO 80823-1601 


Ken.Bichm@ ColoState.EDU 
Review begins February 1, 2008 until successful. 
CSU isan EOAA Employer: 


-yEXAS A&M UNIVERSrry, 


Associate Dean for Research and Graduate Studies 
College of Veterinary Medicine & Biomedical Sciences 
Texas A&M University 
Position Description: The College of Veterinary Molicine & Biomedical Sciences at Texas A&M 
University invites applications and nominations forthe position of Associate Dean for Research and 
Graduate Staies. 
(Qualifications: The successful candidate must hold a Ph.D. and qualify for tenure within one of the 
departments ofthe College of Veterinary Medicine & Biomatical Sciences. Itis envisioned thata person 
who has enjoyed suceess in graduate education and research would achieve satisfaction from faci 
‘ng the success of others in their academic endeavors. Excellent interpersonal conumunication skills, 
substantial experience in graduate education, demonstrated leadership and organizational abilities, 
firsthand experience witha variety of funding sources, which support veterinary or biomedical research 
and education, are required. 
Responsibilities: The Associate Dean for Research and Graduate Studies reports directly to the Dean 
of the College, is a member of the College's Executive Committee, and is responsible for manag- 
ing the administrative aspects of the research and graduate studies programs in the college. Ths is a 
ive'Service position. A more detailed description of the position may be found at 


Do what 
you love. 


Love what 
you do. 


Science Careers 


www.sciencecareers.org 


Application Review: Review of applications and nominations will begin immediately and willeontinue 

‘until the position is fille. 

Application Procedure: Applicants should submita letter of intent, Curriculum vitae, and reference His. 

References will not be contacted until the advanced stages of screening, and candidates wll receive prior 
ation. Inquiries, nominations, and applications should be submitted to: Drs, Duane C. Kraemer 

‘or Timothy D. Phillips, Co-Chairs of the Search Committee, College of Veterinary Medicine & 

Biomedical Sciences, 4461 TAMU, Texas A&M University, College Station, Texas 77843-4461; 


Science Careers 


‘Telephone: 979-845-5761; email: dikracmera cym.amuedu 
Texas A&M University isan Equal Opportunity Employer Erie minorities and women are 
encouraged to apply 

‘quirements Yo work in the United States at the time of appointment and must be able to 


I: dkraemera@’cym.tamu.edu or tphillipsa eym.aru.edu. 
The candidate selected for this position must be able to meet eligibility 


communicate effectively in the English Language. 


MEDICAL COLLEGE OF GEORGIA 
SCHOOL OF MEDICINE 
NEUROSCIENCE FACULTY POSITION 


The new Brain and Behavior Discovery Institute atthe Medical College of 
‘Georgia is part ofa university-wide beain discovery initiative that beings 
together scientists o map neural circuits and decipher neural dynamics 
‘undetlying various cognitive behaviors. We ate seeking four (4) faculty 
members on the tenure track level who will be appointed as faculty at 
the Assistant Professor, Associate Professor and Full Professor levels 
in the relevant neurosciences department of the School of Medicine 
and Institute of Molecular Medicine and Genetics. We are particularly 
interested in candidates who study neural network mechanisms using in 
vivo electrode arrays o¢ optical imaging techniques in awake rodents, 
non-human primates, and humans. We are also seeking a faculty member 
in the area of monkey brain fMRI, brain-machine-interface research, oF 
computational ncuroscience. Candidates using mathematical and compu- 
tational, ie. (systems neurobiology) approaches should have experiences 
inlarge database construction, statistical pattern recognition, or intelligent 
computing such as the hierarchical temporal memory (HTM) algorithm 
and Bayesian network computation, 


Consideration of candidates will begin January 15, 2008 and will con- 

inue until the search has been successfully concluded. Letters nominat- 
ing qualified candidates are requested and may be sent to: Joe Z. Tsien, 
Ph.D., Neuroscience Faculty Search Committee, The Brain and 


imbill; agambilla meg.edu. Interested 
individuals should submita cover letter, currentresume Curriculun Vitae 
along with a 2to 4 page research plan, and arrange for submission of 3 
letters of recommendation. 


EEO/AA/Equal Access Employer. 
ACH #5 55479, SS480, SS481 & 55482 


Faculty Positions 
Department of Pharmacology 
The University of Michigan 


The University of Michigan, Department of Pharmacology is seeking 
outstanding scientists for a tenure-track ASSISTANT PROFESSOR 
position. We are especially looking for an outstanding scholar with 
‘exceptional potential to develop a vibrant research program that augments 
current department inititives in Pharmacogenetics gemimict, Drug 
Metabolism, o€ Signal Transduction (see htp:/sitemaker.umichedu/ 
‘pharmacology/faculty listing for faculty interests), Qualifications include 
‘8 PAD. inPharmacobgyor a related discipline andor M.D, degree, 3-5 years 
Of postdoctoral experience, ann research accomplishments as evidenced by 
scholarly contributions to the Hiterature, 


The successful candidate will join a dynamic, diverse, and collaborative 
department io Top 10 Medical School in a university setting with super 
‘opportunities for career development. The quality of life in Aan Arbor is 
uistanding. The combination of a large, major research university and a 
small, safe, family-oriented community make Ann Arbor an sdal envionment 
to develop an academic and research career, Ann Arbor also offers an 
‘outstanding combination of sports, eereation, and cultural events. 


Faculty membersare expected to establish a highly visible externally funded 
‘esearch program and 10 excel in teaching medical students and other health 
professionals, as well as graduate and postdoctoral students. An attractive 
‘samtup package including excellent laboratory facilities and generous startup 
funds will be available 


‘Send your CV atwo- to four-page summary of your research and future plans, 
and details of your teaching experience. Three letters of recommendation 
should also be sent. Address all correspondence to: Chai, Pharmacology 
‘Search Committee, Department of Pharmacology, University of Michigan 
Medical School, 2301 MSRB Ill, 1150 West Medical Center Dr, Ann 
‘Arbor, M1-48109-S632. Application materials may alsobe sent electronically 
to: pharmsearchia umich.edu. 
The University of Michigan is an Affirmative Action/Equal Opportunity 
Enplover Applications from qualified women, minorities andior 
‘disabled individuals are encouraged. 
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ITIOF EN 
FACULTY POSITION in INFECTIOUS DISEASES 
Fred Hutchinson Cancer Researdh Center and the 
‘University of Washington 

‘The Fred Hutchinson Cancer Research Center 
(FHCRC) and the University of Washington (UW) 
are jointly recruiting a fulltime Faculty postion at 
the ASSISTANT or ASSOCIATE. MEMBER/ 
PROFESSOR level for 3 faculty position im the 
Program in Infectious Diseases inthe Clinical 
Research Division of the FHCRC and the Division 
of Allergy and Infections Disease at the UW, with 
preference being given to those who suidy fungal 
diseases. A Doctorate degree is required. The inki- 
dual will be expected to develop independent re- 
search programs. University of Washingion faculey 
engage in teaching, research, and service. Excellent 
‘collaborations are available with scientists in clinical, 
molecular medicine, and busi sciences at the FHCRC 
and the UW. Salary depends on experience and excel 
lent benefits Interested candidates may submit cur 
riculum vitae, a concise statement of their research plan, 
and three reference letters wo" 

Lawrence Corey, M.D. 
Head, Program in Infectious Diseases 
Fred Hutchinson Cancer Research Center 
1100 Faieview Avenue N., LE-500 
P.O. Box 19024 
Seattle, WA 98109 

Application review will continue until the position 

re po 


The University of Wosbingw aut the Fed Huxdiason 
Gamer Rescue Comer are Afimtive Action, Eu Oppor- 
tunity imple, edt t he go of balding evel 
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fan kieg in tet einen, sid snl en 
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ASSISTANT PROFESSOR (TENURE TRACK) 
Behavioral Neuroscience 
Morchouse College 
‘The Division of Science and Mathematics at 
Morehouse College seeks candidates foe a tenure- 
track Avsstant Profesor positon it behavioral nero 
science. This appointment will be in the Bisley, 
Chemistry, Computer Science, Mathematics, his 
os oF Prchology Deparment depending ow the 

al expertise ofthe succesful 
tulvcal possessing 3 Ph.D 
ocoal experienc, an commits to unk” 
¢ teaching, The scent canada expect 
research peoge 
lergradiates, Submit curneullm vitae, deserip- 
experience and philosophy, desenp- 
rests and eaeet goal and the 
information for three references 
to: De. JK. Haynes, Dean, Division of Science 
and Mathematics, Morehouxe College, 830 West- 
view Drive, $.W Atlanta, GA 30814 or by email: 
ihaynes@ntorchouse.edu, Deadline: February 16, 
TGR tens Cag Sa pad Opry anne 


Acti Employer 


ASSOCIATE PROFESSOR of CANCER 
BIOLOGY 

Associ Prfistoe potion asisble immciny 
atthe Labostory of Molecule Oncology, tstate 
fir NutionalScences, Chinese Aad of Scenes, 
Sangha Chin. Ow esearch fous on the melee 
tec of oncogenes and tumor suppressors 
‘Sacer Inerewed candidates who have prosoar 
perience in cncer biology, ign wamdicton, se 
trunology, and/or smal mexil shoul sod the 
‘uricltn ise andthe mans of re ferent 
‘Dong Ni, PhD, tephone: O1186-21.5492-0918, 
mts duc@aibeacsn: Succ spices wl be 
Peal wi 3 gnc package sl an ntcratne 
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‘The Univenity of Connecticut 


DATION CHAIR of ENVIRONMENTAL EN- 
GINEERING within the Cait and Esironmental 
Engincerig Deparimctt ofthe School of Engineer 
ing and the Contr foe Enronmenal Sciences and 
Engacerag: DISTINGUISHED SCHOLARS and 
FULL PROFESSORS with 3 ecocd of excellcse 
in musidsopinary elbburatve research and tex 
ing. especily inthe following crsrocimentl areas 
dre cntnuraged to apply staal engcedng, 
‘Sivroomental buteditology, geoemsionancrta 
tmofistamy polltion preston; biol ciate 
‘Singe impacts on cmtonmental proces: atl cl 
Sal water quality i natural and engiocred sper 
itis eapered thr the Chat wil aso» signa 
lealenbip ede in caning cllaborsive Smeom 
mow rescch and Soming patoeipe with go 
Semmens! apeoces and inty therely eohancig 
the Unnenstys growing inernsonal reputation tt 
‘cvronmental stauabay. The Chair wil contol 
thc evem fm the NU Fonda ha of Ea 
ronmental Enginceing endowment concn wit 
{Untvariy pollies and the comdiions of the endow 
ten. Slary, bene, nda cempenve warp packs 
ge wil be commensarate with the record of the 
Zprlicant. Amore detailed Jexiption ofthe pone 
th and expected qualieations can be foun i the 
feloeing wees tans fare scan 
a 
is filed. Candates should abit the following, 
Peeferaly a one PDF fle: a leter of interest cu 
feat curculum ta, 2 watement of iaterdiph 
tary research vision, and contact formation for at 
test four references co: Chay Northeast alice 
Foundation Seardh Comunite, e-mail nuseant@ 

conned (search #2008208), 1. Sa 
Fiat fe ahrepecne comps. nding wea 
Comm nd pe wih doen 


QUANTITATIVE BIOLOGY 

The Nationa Inuttute of Stands and Technol 
osy (NISTYs Blochemical Scenow Divaion ere 
‘tinjong RESEARCH SCIENTISTS wah spec 
inten enn by tocar 
coploynen @ NIST, We ae sting tecacher 
jp overdcpiary eamsin the bowing ora quae 
Thatve high conten cell imaging and nage’ po 
‘sang ttge naa, age nferans an inte 
abe, gene exprenion ray validation, aod af 
patio of usw thew of fos 

"The wicconful pplcant has a Ph.D. or euhalent 
experience in relevant speciabis of plysc, eng 
netrmg,chemiry, or boy, and can derma 
fcr pan infeperairt and team rescachcrby 3 
tron of hdrquiay pubes, Coca wah 
tmattlecplinay’ open ae. prefered. Hone 10 
thre ranae Nebel aes, NIST kon fori 
Hips inqoct bese reach ad bs conibtion 0 
‘ray lepers ances aed eehicd e 
\elopen, The Bax Sconce vaio i 
Stolen the 800 NIST compu in Cader, 
Mantand, ie mes noth of ethods and 20 eles 
ont of Washington, D.C 

Postion ae srsale at ala cnge of 55705 
wo SL21 967, tne on ultra shad 
tral conicdie thse fe a doctiaion of acer 
inteman and epee tor Me, Lin hah, Blochone 
ic Scone Devon Administrative Aust, 100 
Bureau Drv Stop 8310, Gaithanburg MD 208, 
and app sone the fllowing sees Pesce (1310), 
heme (1330), Engineer (O801) cx Boog (0401) 
tothe NIST Appia Suppl Fe ot webute bape //_ 
peony. n/a 


TLS. aise i muted fo permaneat NIST positions 
NIST isan Expal Oppoanonty Employer 


FULL-TIME FACULTY MEMBER with an 
INTEREST in STEM CELL RESEARCH 
RELATED to DIABETES 
The Division of Metabolism, Endocrinology 
Nutrition at the Univenity of Washin 
‘cuiting a full-time faculty member at 
‘ANT, ASSOCIATE, or FULL PROFESSOR level 
or the RESEARCH ASSISTANT, RESEARCH 
ASSOCIATE, or RESEARCH PROFESSOR level 
‘without tenu for reasons of funding, The appo 
rent requires a doctoral degree, The successfl ap- 
pilcant should have demonstrated experience /isterest 
fn developmental aspects of the pancreatic beta eel 
and /or use of stem cells forthe treatment of diabetes, 
Tnterested applicants should subenit a lever of in 
terea, detailed curriculum vitae, and a brief suramary 
‘oF researc interests ana finding to: 
‘Michacl W. Schwartz, M.D, 
Search Committee Chair 
Harborview Medical Center 
P.O. Box 359675 
325 Ninth Avenue 
Seattle, WA 98104-2499 
Review of applications will begin November 2007, 
and continue unt the position is filled, The University 
‘of Washington faculty engage in teaching, research, 
and service. The Unienity of Wishing i Aflanaive 
Ae, Equal Opyonunnty Employer. Wane al invites 
are ena 1 apply. 


ASSISTANT/ASSOCIATE PROFESSOR 
Dairy Technology 
The Department of 
the University of Minnesora seeks applicants for this 
hhine-month, tenure-track position. Search an apply 
for requisition number 151791 at website: hi 
wn.edu/ohe/employment /ind 
moa ia Eapal Oppoalty 
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and Molecular Biology 
at the University of Chicago invites applications for a tenure 
track appointment as Assistant Professor. We seck individuals 
with outstanding records in the area of membrane protein bio- 
physics and dynamics who value teaching and aim to develop 
independent and creative research programs. We anticipate 
minimum of two years of postdoctoral experience and a mastery 
of structural biology (e.g. X-ray crystallography and NMR spec- 
troscopy). Modern laboratory facilities and generous support 
will help this individual establish a highly productive, extemally 
funded research program. The Department is linked to sister 
programs in physical sciences, bioinformatics and computation, 
cell biology, basic medical science, the Institute for Biophysical 
Dynamics and the Argonne National Laboratory. 


Applications must include a curriculum vitae, a summary of past 
‘accomplishments and a plan for future research and arrive before 
January 1, 2008, Applicants must also arrange for three letters 
of reference to be mailed to us. Address: Chair, Membrane 
Protein Search Committee, Department of Biochemistry and 
Molecular Biology, 929 E. 57" Street, Chicago IL. 60637. 


The University of Chicago is an Affirmative Action/ 
Equal Opportunity Employer. 


Center for AIDS Prevention Studies 
University of California, San Francisco 


Search for Academic Specialists: Social 
Behavioral HIV Prevention Research 


“The mission ofthe Center for AIDS Prevention Studies (CAPS) istocon- 
nof HIV 


is recruiting one or 
more academic Specialists in the area of HIV/AIDS or social behavioral 
research applied to prevention science and the development of effective 
HIV prevention interventions. The Specialist series is used for academic 
appointees who are engaged in research in specialized areas and who do 
‘ot have any teaching responsibilities, 

UCSF secks candidates whose experience, teaching, research, or commu- 
nity service has prepared them to contribute to our mission. Strong NIH 
funding track record and experience directing federally funded research 
studies required, Research expertise inthe following areas sought: social 
psychology, sociology, epidemiology, clinical psychology, anthropology, 
community psychology, medical sociology, and statistics. Populations 
and areas of special interest include: ethnic and minority populations, 
incarcerated populations and their families, optimizing health outcomes, 
‘MSM, IDU, and biological approaches, 

Interested candidates should submit a detailed cover letter describing. 
their interests and experience as well as curriculum vitae fo: Margaret 
Paternek, PhD, Deputy Director, UCSF Center for AIDS Prevention 
Studies, $0 Beale Street, 13th floor, San Francisco, CA 94105. 

UCSF secks candidates whose experience, teaching, research, or 
‘community service hax prepared them to contribute to our commitment 
to diversity and excellence. UCSF is an Equal Opportunity/Affiormative 
Action Employer. The University undertakes affirmative action to assure 
‘equal employment opportunity for underutilized minorities and won, 

{for persons with disabilities, and for covered veterans, All qualified 
‘applicants are to appl. including minorities and women, 


Assistant/Associate/F ull Professor 
Pharmaceutical Sciences 
‘Aubum University 


The Deparment of Pharmacal Sciness at Auburn University's Harison 

applications for several 12-month tenure-track 
faculty positions in Pharmacology, Toxicology, Pharmaceutics and related 
disciplines. These positions offer the opportunity to join an expanding cntcr- 
prise in pharmaceutical science research. The Schoo! has receatly reosived 
new funding and opportunities for research enhancement. Successful 
candidates are expected to actively participate inthe teaching mission of 
the Harrison School of Pharmacy atthe graduate (Ph.D.) and professional 
(Pharm.D) levels: develop and/or maintain an independent extramurally 
funded research program; be involved in collaborative research programs; 
demonstrate a high level of scholarly activity as evidenced by quality 
publications in peer-reviewed scientific journals and active participation in 
professional societies and contribute to Department, School and University 
service activities 


Applicants must have a demonstrated intrest i education of health pro- 
fessionals and graduate students. They must have a Ph.D. or equivaees 
degree, postdoctoral taining and demonstrated research abilities. A pro- 
fessional degec in pharmacy is desirable but ot essential. The successful 
candidate must mect eligibility requirements to work in the US. atthe 
time the appointment is scheduled to begin and continue to work legally 
for the proposed tem of employment. They must also be able to coms 
nicat effectively in English. Review of applications will begin December 
1, 2007 and will continue until the postions are filled. The positions are 
available Janaary, 2008. Candidates should submit a leer of application, 
curriculum vitae, statemonts of research and teaching interests as well as 
the names and addresses (include e-mail address and phooe number) of 
35 references to: Chai, Pharmacal Sciences, Search Commitee, Har- 
ison School of Pharmacy, 4306 Walker Building, Aubura University, 
‘Alabama 36849-8503 Telephone (334) 844-4037; Fax (33) 844-8331, 
“Applications can also be submit electronically to Ms. Kandi Dawsoa, 
DAWSOKP@ auburn. 

Auburn University an Equal Opportuniy/Affimative Action Employer: 

Wiomen and Minorities are encouraged to appl 


Center for AIDS Prevention Studies 
University of California, San Francisco 


Faculty Search-Rank Open: Social 
Behavioral HIV Prevention Research 


‘The mission of the Center for AIDS Prevention Studies (CAPS) is to 
conduct domestic and international research to prevent the acquisition of 
HIV and to optimize health outcomes among HIV-infected individuals, 
CAPS, based in the Department of Medicine, Division of Prevention Sei 
ence, atthe University of California, San Francisco (UCSF), is reeruiting 
‘one ce more faculty members in the area of HIV/AIDS or social behavioral 
research applied 10 prevention science and the development of effective 
HIV prevention interventions. 


UCSF secks candidates whose experience, teaching, esearch, of commu 
nity service has prepared them to contribute to our mission. Strong NIH. 
funding track record and experience directing federally funded rewarch 
studies required. Research expertise in the following areas sought: social 
psychology, sociology, epidemiology, clinical psychology, anthropology, 
community psychology. medical sociology, and statistics. Populations and 
areas of special interes include: ethnic minority popalations, men who 
have sex with men, women, adolescents, substance users, incarcerated 
populations and their families, optimizing health outcomes, and biomedical 
approaches to prevention. 


Interested candidates should submit a detailed cover letter describing 
their interests and experience, as well as curriculum vitae to: Margaret 
Paternek, PhD, Deputy Director, UCSF Center for AIDS Prevention 
Studies, $0 Beale Street, [3th floor, San Francisco, CA 94108, 


UCSF seeks canidtes whose experience, teaching research, or 
community service has prepared them to contribute to our commitment 
todiversty and excellence. UCSF is an Equal Opportunity/Afirmative 
Action Employer: The University undertakes affirmative actin to assure 
‘ul employment opportunity for underutilized minorities and women, 
{for persons with disabilities, and for covered veterans. ll qualified 
“plicants are to apply including minorities and women 
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SENIOR (TENURED) FACULTY POSITION 
‘Biology 
Ilinols Entitute of Technology 

‘The Bicgy Dhison of the Mince Insitute of 
“Technalogy {HIT soi sppicaions foe a seer ve 
fhclty poston spomore by the IIT Racach Is 
tte, This tenured positon atthe ASSOCIATE 
for FULL PROFESSOR level and & intended 40 
take alvantage of aly expanding ecarch progranm 
ithe ology Divina well ast ITTRD, We 3 
plkstions ae enoursge frm canes with ge 
bm research program nay eld of ology cs 
wt eapeiae Ia enlocindog, pharmaco os 

tba, nin dca, 
iology ae particularly encouraged to spph 
{i NIT or other extemural oning ew 

is postion; a record of continuing rscarch pro 
thy is rei for candles desing ep 
ent atthe Fall Profesor lea. The Baogy Bho 
GFIIT's Departnent of Bicogical, Chemical ad 
Physical Sctnces provides a vibra, highly inter 
disciplinary environment wish purr strengs 
molecular blogy and Gloptyses The succeafal 
Candidate wil contbute to the edison of under 
fraduate and graduate student, snd will eablh an 
Sctve rear progr i cotter ab 
crstory space Jot appa 
Trt posible, 


Antactive compensiion and startup fu 
provided, 

To apply, send curriculum vitae with publication 
lise along with statements on research and teaching. 


Afra tw Fsmpoyr; ws el mies ae soy 
nung apply. 


FACULTY POSITION in NUTRIENT/GENE. 
INTERACTIONS and HEALTHY AGING 
Linus Pauling Institute, Oregon State University 

The Linus Pauling Institute at Oregor State Uni 
semity invites applications for a tenure-track or ten 
lured, fulltime Faculty position in its nevly created 
Healthy Aging Program. The successful candidate 


will be expected to establish or maintain 4 compet 
tadying the role 
1 cellar, ge 


itive research program fowsed 0 
of diet o¢ micronutrients in influen 


iitional factors on genetic oF epigene 
yinting that ultimately infléence healthy’ aging 
Though this position has a primary research foc 

the sieeessfil Candidte iy abo expected to contribute 
to undergraduate or graduate teaching, and academic 


service appropriate with faculty rank. See the fll po- 


{application 


barbara.mevicard 

tute, te University, 571 
Weniger Hall, Corvallis, OR 97831. OSU lu A= 
firmatoe Action Equal Opportiity Employer. 


DEAN 
College of Science, Engineering, and Technology 
“Murray State University seeks nominations and 3p- 
plications foe Dean of the College of Sdence, Engi 
heering, and Technology. The successful ca 


¢ of the Departments in the Callege: Biologist 
Sciences, Chemistry, Geosciences, Iralustral and Es 

fineering Technology, Mathematics and Statistics, nat 
Engineering and Physics. The position wil be avail 
able July 1, 2008. Application deadline is January 4, 
2008, Pease se cue full ponting at website: hetpe//- 
seww.murraystate.cdu/ provost for complete Ist of 


[ASSISTANT PROFESSOR 

“The Department of Cellar ad Sacral Bik 
ogy atthe Unvcrty of Teas Heats Sccace Comer 
st San Antonio ites appcations for 3 tone -track 
‘atant Peofor pontion that wil involve wack 
ing in basan anata sence corse fo dents 
ithe beakh profeaines schools and cxalaing sm 
‘cranurally funded reach program. Apps ih 
Teaching eaperence or formal cdscaion in gros 
tnatomny Stk microscope anatomy. (hoslogy) are 
prefered Rescarh endeavor compaibe with ext 
Ing themes i the Department are svt. Ares of 
‘ingeing coca within the Deparment inci 
Sig, cancer Wiclogy, signal tansdction gee 
SXpetsion, DNA image and reps, dbs and 
‘Sheds epadoctve sa devwpescotl oy, snd 
tmoleiar immunology. Canditnes should ave 3 
FD MO-D.DS. oe DVM. Fc pars 


ae invited to visit our website: http://www. 
edu /esb, 
HE Uiweniey of Texas Haak Science Comer a 


San Antonio provides training for scientists, physi 
fans, dentists, nurses, and other health care pro 
fessionals, The campus is located in the northwest 
hills of San Antonio. The health care industry is one 
fof the ay’s three largest employers. San Antonio 
‘experiences over 300 days of sunshine annually. The 

has an abundance of 


"To apply, please forwanl cursiculum vitae, a state- 
iment of teaching philesophy, and a statement of re- 
search interests, along. i 
three references dectronicaly to e-mail: facsearchesb@ 
uuthscsa.edu. Alternatively, applications may be 
mailed to: Faculty Search Committee, Department 
of Cellular and Structueal Biology, The University 
of Texas Health Science Center at San Antonio, 
7703 Floyd Curl Drive, San Antonio, TX 78229- 
al review of applications will begin im 
nediately and will remain open until the ponition & 


ey ypoinmens a desig 3s sty seiner 
pestis. The Cioesty of Texss Heath Stone Carat San 
Huconis an Eqnd Employment Oppotnty/Afiomatie 
Asin Employ 


REMOTE SENSING FACULTY POSITION 
The Rochester Institute of Technology is secking 
applicants for a tenure-track faculty ponition at the 
taik of ASSOCIATE PROFESSOR or FULL PRO: 
FESSOR in the Chester F. Carlson Center for In 
ing Science (CIS) 
and applications. CIS i 2 highly ieerdciphinary ani 
Nenity research and education center, dedicated 
pushing the frontiers ia all ts form and 
tuses. Ajor research thrusts include: astronomy, bio- 
medical imaging, color science, remote sensing, and 
vision. CIS offers B.S., MS. and Ph.D. degrees ia 
imaging science with an emphasis cn the pics cf 
image formulation, the mathematics and systems en- 
ncenng of image processing, analysis and informs- 
on extraction, afd the development of sensce ster 
and imaging instrumentation. 

The person recruited for this ponition will be ex- 
pected to work closely with other faculty and staf in 
the Laboratory for Imaging Algonthns and Systems 
and the Digital Imaging and Remote Sensing Lab 
‘oratory, anid make a substantial contribution to the 
generation and leadership of research projets, super- 
Mision of graduate research, and the developme 
and teaching of related courses. He or she will be 
iy person in the growth of CIS as a world leader in 
the Science and applications of remote sensing. RIT 
welcomes applications from individual interested i 
‘contnbating to 3 community committed to diversity 

‘Additional information and application instructions 
‘can be found online at website: javew.cisit 
edu /facultysearch. Specific questions can be diecied 


required qualifications, position responsibilities, and 
A description of how to apply.Muunay Site Unowsity 

ual Education and Exploynet Opty, Motes 
aes Pesos with PX, Afiemtive aoa Epler 
Wimen a miaaiis ze coaeaged 18 apply 
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fo Search Committec Chair 3t e-mail: faculeyscarch@ 
siesitedu. 
"Toterested parties are encouraged to submit their 
materials by February 1, 2008, w0 assure optimal con: 
Sseration. 


POSITIONS OPEN 
POSTDOCTORAL RESEARCH ASSOCIATE 
‘Cardiovascular Genomics 

A Pestdoctoral Research Associate position is avail- 
able to snady molecudar bass of hypertension and heart 
diseases. Our research teara stand inthe forefront of 
bbypertension research, This position has great poten 
tl for advancement and promotion based on aceon 
plshments of fist two years. Competitive salary and 
health insurance coverage for family. Ph.D. or/and 
ALD. Prior experience with at least wo of the fol- 
lowing is preferred: cardiovascular genomics, ge 
therapy, signal transduction, aging, receptor biol 
protein chemistry, or proteomics, Send detailed et 
Ficullum vitae and theee references to: De, Zhongiie 
San, Department of Physiology, University of 
‘Oklshoma Health Science Center, U.S.A. E-mail 
‘hongiie-sun@ouhse.cdu, 


POSTDOCTORAL POSITION 
Biological Mass Spectrometry 

NIH-fanded project ro study antagonist and ago- 

st interactions with HIV en-receptoes CCRS and 
CXCRA, using cross-linking, with excellent onganic 
synthesis support. Experience with peptide electro 
say ionization, bl chrmatograpy/ms, 
trometry required. Exceprionally qualified candidates 
wall be considered for RESEARCH ASSISTANT 
PROFESSOR rank. Dr, Edward Dratz, Depart: 
ment of Chemistry and Biochemistry, Montana 
State University, Bozeman, MT 59717; emai 


rte chemistry montana.cdu. Compl jb 
Souncement aN apPUCHTION at wel i 
y, a 


sully, scientist, or posto fine ad 
D OUT ON THE PA 
atl 2m2126.6548 

1 do ere ied upd 


Custom Peptide Synthesis 
* High quality peptide from mg to kg 
* Deeply discounted price 
+ Along lst of modfiction & labeling 
+ Peptide itary construction 


Free shipping for 20+ reactions. 
High throughput. Direct sequenc- 
ing from bacteria, phage, genomic 
DNA, PCR products, haispin, etc. 
{888-88 ww mciah com 


Immunochemical Reag 
© jorter Groups and Conju 
® Wide Selection of Conjugates: 

Proteins/Sepharose/Fluors/FICOLL 


BIOSEARCH — +1.800.GENOME.1 


nts 


www.sciencecareers.org 


Unmatched resolution 
in digital specimen radiography. 


- NEW! < 
~.,. Introducing Kodak 
4 Digital X-Ray Specimen Systems 


Kooax Digital X-ray Specimen 4000 and 4000 Pro Systems deliver greater than 25 
line pairs per millimeter with no geometric magnification, providing the best digital 
resolution available in cabinet x-ray systems 
Cooled 4 megapixel Kooax CCD camera combined with proprietary phosphor screen 
technology and a 10X zoom lens. 
True 16-bit imaging — more than 65,000 levels of grayscale resolution for accurate 
scray density measurement. 
Integrated analysis software enables quantification, annotation & databasing of images. 
Upgradeable to optical molecular imaging capabilities, including multi-wavelength 
fluorescence, radioisotopic, and luminescent imaging. 
Find out more. Call 1-877-747-4357, exp. code 7. Outside the U.S. call +1-203-786-5657. 


Kodak Cares 


Ucensed Product 


‘eam Molecular Imaging 


A division of Com 


Carestream Health, ne 


150 Verona Sieet»Rachester NY M608 mi.carestreamhealth.com The Innovation Powering Kooax Molecular Imaging Products 


